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ABSTRACT

The Horizontal-to-Vertical Spectral Ratio (HVSR) method is widely employed in
geotechnical investigations due to its non-intrusive approach for determining subsurface
characteristics such as sediment thickness, bedrock depth, and seismic site response. The
primary objective of this paper is to provide both quantitative and qualitative assessments
of four potential factors influencing HVSR variability in urban environments: (1) in-situ
instrumentation surface coupling (concrete vs. grass), (2) the effect of strong, nearby noise
sources on in-situ instrumentation, (3) proximity to buildings, and (4) the influence of time-
of-day with respect to building proximity. A total of 126 HVSR measurements across 16
locations at the University of Missouri-Columbia were analyzed, with an emphasis on
influences on HVSR variability in urban environments.

The results show minimal variability between HVSR measurements conducted
simultaneously on concrete and grass surfaces. This finding was in agreement with
commonly used HVSR acquisition guidelines but contradicted more recent guidelines
provided by an HVSR equipment manufacturer. Furthermore, data indicated that concrete
surfaces exhibited greater variability in noisy environments, such as construction zones,
possibly due to reduced attenuation of construction vibrations, whereas grass surfaces
yielded more consistent measurements. Proximity to buildings was identified as a
significant factor contributing to variability, with measurements taken within 50 feet of
buildings typically producing low-quality HVSR results, likely due to building-induced
vibrations. Time-of-day effects were found to be less significant, with ambient noise levels

having a greater impact on measurement quality than noise from building occupancy itself.

XXVi



HVSR frequency peaks identified from manual inspection methods improved result
accuracy when compared to automated picking of the highest HVSR peak.

The study highlights the importance of considering site-specific conditions and
incorporating human oversight in HVSR analysis, particularly in urban environments. Key
findings include: (1) concrete is a reliable surface for HVSR measurements, indicating that
data acquisition does not need to be exclusively conducted on grass, (2) acquisition near
strong construction noise sources can yield accurate HVSR results, and does not
necessarily need to be avoided, (3) maintaining a sufficient distance from buildings
(preferably >50 ft) will reduce variability in HVSR results (4) manual identification of
HVSR peaks can provide improved results over automated picks in difficult environments,
and (5) measurements near building sites are best conducted during times when ambient
noise levels are high. These insights contribute to the refinement of HVSR guidelines and
enhance its application in urban geotechnical and geophysical investigations.

This study also contributes to the refinement of HVSR guidelines, offering
recommendations for mitigating variability caused by urban factors and suggesting
avenues for future research, including exploring the effects of building height, subsurface

complexity, and azimuthal variability on HVSR measurements.
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1. INTRODUCTION

1.1 Background

In recent decades, the introduction of non-invasive geophysical techniques like
seismic refraction, electrical resistivity, and Ground Penetrating Radar (GPR) have enabled
the investigation of subsurface conditions without soil disturbance in geotechnical
engineering. These advancements in technology provide a more cost-effective means of
assessing ground conditions, especially in challenging environments where boreholes or
test pits might be impractical.

One such non-intrusive method, the Horizontal-to-Vertical Spectral Ratio (HVSR)
method, has recently gained popularity throughout many different industries (e.g.,
engineering, geology, archeology) due to the method’s lower costs than traditional methods
(e.g., Standard Penetration Test (SPT), Cone Penetration Test (CPT), etc.), and its
applicability in a wide range of terrains (e.g., remote and/or isolated locations, urban
environments, etc.). The lower cost of the HVSR method is attributed to the minimal
amount of equipment and ease of mobilization.

The HVSR method is a single-station geophysical technique utilizing a three-
component seismometer without an active source to measure ambient ground motions in
the horizontal and vertical directions. The HVSR method relies on the natural ambient
vibrations of the Earth, at low frequencies (< 1Hz) and anthropic (human-made) vibrations
at higher frequencies (> 1 Hz). The primary output of the HVSR method is an estimate of

the resonance frequency of soil layers over rock. This can then be used to infer the thickness



of soil overlying bedrock, depth to bedrock, earthquake hazard, or assist in estimating the
shear wave velocity of the subsurface.

Most studies implementing the HVSR method follow guidelines produced by Site
EffectS assessment using AMbient Excitations (SESAME, 2005). However,
manufacturers of common HVSR equipment (e.g., the Tromino device used in this study,
produced by MoHo Science and Technology) have established separate guidelines (MoHo
S.R.L, 2020) based on a more recent publication (e.g., Chatelain et al., 2008) than the
SESAME (2005) guidelines. Other studies have also proposed recommendations for the
HVSR method (e.g., Koller et al., 2004; Castellaro and Mulargia, 2009; Molnar et al.,
2022), which tend to align more closely with either the SESAME (2005) or MoHo S.R.L
(2020) guidelines. In some respects, the guidelines and literature disagree with regard to
recommendations for implementation of the HVSR method and some recommendations
appear to be based on limited studies. A recent study by Chi (2022) demonstrated a great
deal of variability in HVSR measurements at some locations. These findings highlight a

need to better understand the factors contributing to variability in HVSR measurements.

1.2 Objective

The HVSR method is a powerful, non-invasive technique widely used in urban
environments due to its non-invasive nature, ease of investigation, and relatively low cost.
Despite its advantages, the method has limitations, as results can exhibit significant
inconsistencies. Consequently, further research is necessary to refine and expand the
guidelines for implementing the HVSR method in urban settings.

The primary objective of this paper is to provide qualitative and quantitative

assessments of four potential influences on HVSR variability in urban environments



1) In-situ instrumentation coupling through concrete versus grass

SESAME (2005) guidelines suggest that data acquisition on concrete will not affect the
HVSR results, which is in agreement with Koller et al. (2004) and Chatelain et al. (2008),
while MoHo S.R.L (2020) guidelines advise to avoid HVSR acquisition on concrete, which
is supported by Castellaro and Mulargia (2009) and Molnar et al. (2022). Research herein

will assess these contradictory guidelines and provide a clear recommendation.

2) In-situ instrumentation coupling through concrete versus grass with strong, nearby

noise influence (i.e., construction activity)

SESAME (2005) and MoHo S.R.L (2020) guidelines recommend that data acquisition be
performed in a quiet environment (e.g., in the absence of construction machines, industrial
machines, pumps, generators, etc.). These recommendations agree with literature from
Koller et al. (2004), Chatelain et al. (2008), and Mihaylov et al. (2016). The study herein
will further investigate these recommendations and their validity regarding varying in-situ

instrument coupling conditions.

3) Influence of proximity of HVSR measurements to buildings

SESAME (2005) advised that recordings near structures should be avoided due to the
strong influence the structures pose at lower frequencies, in agreement with Gallipoli et al.
(2004) and Chatelain et al. (2008)). MoHo S.R.L (2020) does not provide any
recommendations. The study herein will attempt to validate this recommendation by
SESAME (2005) and provide additional insight in the effect of building offset distance on
HVSR variability.

4) Influence of time-of-day with building proximity


javascript:;

Neither SESAME (2005) nor MoHo S.R.L (2020) provide recommendations on how time-
of-day in conjunction with building proximity affect the HVSR method. Literature has
observed that times of day can increase the amplitude of the HVSR curves and affect HVSR
results (e.g., Guillier et al., 2007; Panou et al., 2005). It was hypothesized in this study that
the quality of the HVSR measurement could be affected by the time-of-day that the
measurement was performed, due to the effect of noise from building occupancy. The study
herein will attempt to provide recommendations for the best time of day to acquire HVSR

data if data acquisition must be conducted near a building.

1.3 Scope of Work

The following tasks were performed to complete the investigation herein: (1)
conducted a literature review to determine current recommended testing procedures for the
HVSR method and device guidelines, (2) identified testing sites (16 sites) to address the
objectives of this study, (3) collected ambient noise data (126 acquisitions) at the selected
sites, (4) processed the ambient noise data using the HVSR method, (5) and assessed the
variability in the frequency where the maximum peak in HVSR is observed, termed the
HVSR resonance frequency (HVSRgres) using repeat measurements, (6) presented a
discussion of assessment findings, and (7) provided recommendations based on the

conclusions from the study.

1.4 Layout of the Thesis

This thesis comprises of seven chapters. Chapter 1 contains the introduction to the
project. Chapter 2 contains the background and motivation for this investigation. Chapter
3 provides details on the collection and analysis of the ambient noise data, while the sites

selected for the study are outlined in Chapter 4. Chapter 5 contains the results from the

4



analysis of the data due to the influence of in-situ coupling (concrete versus grass), the
influence of in-situ coupling in the presence of a strong, near noise source (construction),
the effect of the proximity to buildings, and the effect of the time-of-day of the
measurement with building proximity. Presented in Chapter 6 is a discussion of the results.
An overall summary of the findings, along with conclusions and recommendations, are

included in Chapter 7.



2. BACKGROUND

2.1 Introduction

Presented in this chapter are brief overview of the HVSR method, followed by
applications of the HVSR methods found throughout the literature. Finally, studies

investigating HVSR variability and HVSR method guidelines are reviewed.

2.2 Overview of HVSR Method

The HVSR method, first introduced by Nogoshi and Igarashi (1971) and later
advanced by Nakamura (1989), involves recording ambient ground vibrations with a three-
component seismometer over specified durations, typically several minutes. These
vibrations include low-frequency signals (< 1 Hz) mainly from naturally occurring sources,
such as ocean waves and wind, and higher frequencies (> 1 Hz) typically due to human
activities.

During HVSR processing, the recorded noise is segmented into specified time
windows and filtered (Figure 1), before being transformed from the time to the frequency
domain using the Fast Fourier Transform (FFT) to produce amplitude spectra for each of
the three measurement directions, one vertical and two horizontal (Figure 2). In each
amplitude spectra window, corresponding to the time record, the horizontal spectra (H) are
divided by the vertical spectrum (V), resulting in two directional HVSR plots (Figure 3),
which are later averaged from all individual windows to create a single representative

average HVSR curve (Figure 4).
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Figure 1: The HVSR ambient noise record showing the window selection and filtering of time record for

one site (MIZ MiddleQuad Test 4 on Grass site). The unshaded portion of the time records indicates a time
window that has been filtered out and omitted from the analysis.
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Figure 2: HVSR amplitude spectra plots produced by performing an FFT on the time records (MIZ
MiddleQuad Test 4 on Grass site). The green line indicates the H spectrum from the instrumentation North
orientation, the blue line indicates the H spectrum collected 90° from the North orientation, and the pink
line indicates the V spectrum.



Max.(N-S)/V: 7.09 + 0.06 Hz. Max.(E-W)/V: 7.13 + 0.08 Hz. (In the range 2.0 - 50.0 Hz).

N-S/V
— E-W/V

H/V

frequency [Hz]

Figure 3: Two directional HVSR plot produced by taking the H spectra and dividing the V spectra. North-
South (N-S) plot is represented by the green line and an East-West (E-W) plot is represented by the blue
line (MIZ MiddleQuad Test 4 on Grass site).
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Figure 4: Average HVSR plot (red) produced by averaging the two directional HVSR plots with the peak
frequency value called out as HVSRRes. (MIZ MiddleQuad Test 4 on Grass site).

The HVSR curve provides insights into site resonance characteristics. Nakamura’s
approach (1989) assumes that by dividing the horizontal spectrum (H) by the vertical
spectrum (V), the influence of source effect is largely canceled out, allowing for the site's

resonant frequency (HVSRges) to be identified (Figure 4). For sites with a consistent



sediment layer over bedrock (Lermo and Chavez-Garcia, 1993), the HVSRge; is related to

the shear wave velocity of the soil layer (Vs ) as:

Vs

HVSRres = 3 @1

where HVSRp,, is the resonant frequency of the vertically propagating shear wave, V is
the velocity of the sedimentary layer, and H is the thickness of the layer.

There are two explanations for the origin of the HVSRRres. The HVSRRes can be
generated by the influence of surface waves or from vertically propagating shear waves.
Surface waves consist of horizontal and vertical components. These components produce
an elliptical wave (Rayleigh wave), that propagates near the ground's surface. Rayleigh
waves are strongest at the surface and degrade with depth. When an impedance contrast is
encountered (e.g., soil over bedrock), the vertical wave component diminishes near the
shear wave resonance frequency, resulting in a peak on the HVSR plot (e.g., Goetz and
Rosenblad, 2010).

The second explanation for the HVSRres are body waves (comprised of
compression and shear waves). When these waves reach HVSR instrumentation, the
horizontal component primarily reflects shear waves (SH), while the vertical component
mainly reflects compression waves (P), resulting in a HVSRges computed directly from the
measured shear wave resonance (e.g., Goetz and Rosenblad, 2010). In shallow-depth
analyses, the HVSR measurements typically contain both surface and body wave energy,
stemming from surface-level human activities, however the origin of the peak is mostly

due to the surface wave ellipticity, as described above.
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Figure 5: Two interpretations of the HVSR method in terms of body waves (a) and surface waves (b)
showing the transfer function for 1D SH wave propagation (c) and the HVSR ratio for Rayleigh wave
propagation (d) (Goetz and Rosenblad, 2010)

2.3 Application Studies of the HVSR Method

Many applications of the HVSR method are presented in both geotechnical and

geological literature. One common application is for earthquake microzonation (e.g., Féh

et al., 1997; Zara et al., 1999; Lee et al., 2001; Gallipoli et al., 2011; Stanko et al., 2019; Ji

et al., 2017; Harinaravan and Kumar, 2017; Putti and Satyam, 2020). Earthquake

microzonation involves the assessment of sites’ seismic hazard responses based on local

site effects and site characterization. Determining HVSRges provide insight into how

variability in subsurface conditions affects ground motions.

Studies have also shown that the HVSRRges observed from an HVSR plot has a direct

relationship to the thickness of the sedimentary layer and depth to bedrock as indicated in

Section 2.2 (e.g., Ibs-von Seht and Wohlenberg, 1999; Delgado et al., 2000; Parolai et al.,
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2002; Motamed et al., 2007; D’Amico et al., 2008; Lane et al., 2008; Gosar and Lenart,
2010; Paudyal et al., 2013; Bignardi, 2017; Liang et al., 2018; Bottelin et al., 2019;
Dronefield et al., 2019; Chi, 2022). In addition to determining the sedimentary layer
thickness, similar methods have been studied to identify landslide failure surfaces
(Gallipoli et al., 2000; Méric et al., 2007; Pazzi et al., 2017).

Studies have shown that the HVSR method is not only valuable in determining site
frequencies but also in determining average shear wave velocities (e.g., Chen et al., 1996;
Bodin et al. 2001; Goetz and Rosenblad, 2010). Additional studies have shown the use of
the HVSR method in fault detection (e.g., Khalili and Mirzakurdeh, 2019), oil seepage
exploration (e.g., Fatma et al., 2019), coal basin exploration (e.g., Dronfields et al., 2019)
, and mapping of archaeological sites (e.g., Abu Zeid et al. 2017). Based on the diverse and
widespread approach of HVSR, it is important to better understand sources of variability

in the HVSR method.

2.4 Variability Studies of the HVSR Method

Several studies have investigated the HVSR method to better understand the causes
behind HVSR variability. In some cases, instrumentation effects (e.g., Guillier et al., 2008)
were shown to be the source of the variability. Azimuthal effects (i.e., waves coming from
different directions) have also been identified as a source of variability in HVSR
measurements. The azimuthal studies have shown that nearby faults (e.g., Matsushima et
al., 2014), lateral bedrock variability (Vantasseel et al., 2018), and acquisition on the edge
of a basin (Uebayashi et al., 2012; Theodoulidis et al., 2018) are just some of the ways
azimuthal variability arises. Seasonal variations in the environment have also been studied

as a cause of HVSR variability (Bahavar and North, 2002; Panou et al., 2005). Panou et al.
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(2005) observed seasonal changes of very low frequencies, typically < 0.4 Hz. In the
assessment of the study presented here, seasonal variability is not an issue due to the much
higher frequencies. However, variability caused by anthropical effects will be explored in
more detail.

Chatelain et al. (2008) studied the variability that was observed when HVSR data
were collected on concrete (versus soil). The study consisted of eleven tests that were all
performed on concrete. Interpretation of the data concluded that recording on concrete does
not dramatically change the HVSR results. Occasionally, marginal influences were
observed for frequencies higher than 10 Hz. The study also concluded that concrete acted
as a filter, filtering the amplitude of the HVSR curve and not the frequency. This outcome
was also observed by Mucciarelli (1998) and Koller et al. (2004).

The work of Castellaro and Mulargia (2009) contradicted the findings of Chatelain
et al. (2008). Castellaro and Mulargia (2009) studied six tests analyzed by the HVSR
method. Results from all cases show the HVSR < 1. These findings indicate that the V
component is larger than the H components resulting in inaccurate data. These findings
lead to Castellaro and Mulargia’s (2009) recommendation that HVSR measurements on
concrete should always be avoided, which was confirmed by Molar (2022). Importantly,
the study states that if HVSR measurements on concrete cannot be avoided, the HVSR
curves should be analyzed in conjunction with the single spectral components. Natural (i.e.,
correct) and artificial (i.e., erroneous) HVSR peaks can often be distinguished by a clear
‘eye-shape’” when the H and V plots are overlaid. A natural HVSR peak is a peak that is
strata based and an artificial HVSR peak is a peak that is related to vibrations and other

occurrences not related to subsurface conditions. A natural HVSRRges is produced when the
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V component diverges from the H components, forming the ‘eye-shape,’ as indicated by
the solid circle in Figure 6. Figure 6 also shows an example of when artificial peaks occur,
indicated by the dashed circles. Artificial peaks are created when the H and V components

increase together creating peaks of different amplitudes.

NS component

————  E-Wcomponent

Up-Down component
103 - - 1
Me |
t I |

mm/s

01 1 10 100

frequency [Hz]

Figure 6: Spectral Component Plots (MIZ Quad Site 1 Test 1 on Grass site). The blue and green component
lines indicate the H components, and the pink component line indicates the V component. The dashed
circles indicate where artificial peaks are observed due to the H and V components increasing to a peak
with different amplitudes. The dark solid circle indicates a natural peak due to the ‘eye-shape.’ The light
square indicates where HVSR < 1.

Strong noise sources can also cause HVSR measurement variability. It is suggested
throughout the literature to avoid performing HVSR measurements in the presence of
strong noise sources. Koller et al., (2004) suggest avoiding acquiring HVSR measurements
around operating machinery and vehicles that are ideal but stationary. Chatelain et al.,
(2008) and Mihaylov et al., (2016) agree with this recommendation. However, Chatelain
etal., (2008) also suggests that if the duration of the strong noise sources is small compared
to the total time record, the strong noise influences can be filtered out during data

interpretation, resulting in no influence in the results.
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The effect of proximity to buildings was also investigated by Chatelain et al. (2008).
The study interpreted 13 measurements taken at different distances from a building. Strong
changes in the measurements were reported for locations close to the building in the 5-10
Hz range. A range of testing location distances was not provided in the study, and due to
the small amount of data, no concluding statement was provided.

Gallipoli et al. (2004) observed that tall buildings, defined as those with 20 or more
stories, can affect ground measurements up to a horizontal distance equal to twice the
building’s height. In contrast, Mucciarelli et al. (1997) found that the influence of structures
diminishes significantly at a distance equal to the height of the building. Guéguen et al.
(2002) further suggested that the impact of such structures becomes negligible at a
horizontal distance of ten times the length of the building’s foundation.

Aside from the influence of nearby buildings, anthropic sources can cause
variability in the HVSR results. For example, studies have shown that anthropic sources
cause variability (Bahavar and North, 2002; Guillier et al., 2007; Panou et al., 2005). These
studies found that measurements taken during the day generally led to an increase in the
amplitude of the HVSR curves by several points, and in certain cases, this shift contributed

to a change in the HVSRRes.

2.5 . HVSR Data Collection Recommendations

SESAME (2005) provides standard guidelines for the HVSR method, which are
often followed and referenced by many studies. The manufacturer (MoHo S.R.L) produces
a widely used device (Tromino) for HVSR acquisition. The Tromino was the device used
for HVSR data acquisition in this study. MoHo S.R.L (2020) provides guidelines that differ

from some of the recommendations outlined in SESAME (2005). Both SESAME (2005)
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and MoHo S.R.L (2020) offer guidelines for applying the HVSR method, covering aspects
such as data collection (e.g., recording duration), data processing (e.g., window size,
smoothing), and interpretation. The current study adhered to these guidelines for data
collection, processing, and interpretation, which were consistent across both sources.
Additionally, SESAME (2005) and MoHo S.R.L (2020) provide further recommendations
for data collection, including advice on in-situ soil-sensor coupling, avoidance of noise
disturbances, and presence of nearby structures, which is the primary focus of the study
presented.

SESAME (2005) and TROMINO BLU User’s Manual (MoHo S.R.L, 2020) are in
agreement with each other for guidelines that involve noise disturbances. SESAME (2005)
recommends avoiding measurements near construction machines, industrial machines,
pumps, generators, etc. These can produce artificial HVSR peaks because of their natural
operation frequencies. MoHo S.R.L recommendations do not go into detail, but it is
recommended that data acquisition be performed in a quiet environment.

In-situ sensor coupling recommendations show a conflict between the SESAME
(2005) and the MoHo S.R.L (2020) recommendations. SEASME (2005) reports that HVSR
data acquisition on concrete will not affect the HVSR results in the frequency range
typically of interest. It is noted that some perturbances may occur in the 7 — 8 Hz range,
but do not affect the HVSR curve. Contradictory to SESAME (2005), MoHo S.R.L (2020)
recommends that measurements should not take place on pavements (e.g., asphalt,
concrete, masonry, etc.) as these couplings may affect the HVSR curves.

Additionally, SESAME (2005) advised that recording near structures be avoided due

to the strong influence the structures pose at lower frequencies. These influences could
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result in artificial peaks in HVSR curves because of the natural frequency of the building.
MoHo S.R.L (2020) does not provide any recommendation for data regarding building
proximity.

Finally, the study presented in this paper will investigate how the time-of-day when
the measurement was performed along with proximity to buildings affects the HVSR
method. Neither SESAME (2005) or MoHo S.R.L (2020) provide recommendations as to

how time-of-day and building proximity can affect the HVSR method.

2.6 Summary

This chapter provided an overview of the HVSR method, its applications, and the
existing contradictions in its guidelines. The limited literature addressing these
contradictions highlights a critical gap, as inconsistent guidelines increase the likelihood

of errors in data acquisition and interpretation.
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3. METHODS

3.1 Introduction

The procedures and equipment used for HVSR data acquisition, the processing of
the collected data, and details of the interpretation of the processed results are outlined in

this chapter.

3.2 HVSR Ambient Noise Acquisition

HVSR measurements were recorded using a Tromino device produced by MoHo
S.R.L. The Tromino is a compact device measuring 10 x 14 x 8 cm and weighing 1.1 kg
(Figure 7), with an internal memory storage system. The internal system allows the
Tromino to collect and store ambient noise data wirelessly, eliminating the need for
external power or storage. These features make the Tromino highly portable, allowing a

single operator to gather a substantial amount of data in a relatively short time.

Figure 7: Tromino device used in data acquisition. Image of Tromino devices aquiring data on concrete and
grass simultaneously at MIZ Quad Site 4.

The instrument is equipped with three orthogonal electrodynamic velocimeters and
three orthogonal digital accelerometers, enabling it to record both ambient and induced

vibrations. To acquire ambient noise data for this study, the Tromino was positioned on the
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ground using appropriate spikes (Figure 8). Ambient noise was collected from
measurements on concrete walkways and grass throughout the project. Short spikes, as
seen in Figure 8 (a), were used on concrete pavement, while longer spikes, as shown in
Figure 8 (b), were utilized on grass. For each measurement, the Tromino was oriented with

its north arrow aligned to true north as measured with a compass.

(a) g (b) l

Figure 8: (a) Mounted Tromino short spikes (3 cm in length) used for acquisition on concrete, (b) Mounted
Tromino long spikes (6 cm total length) used for acquisition on grass (MoHo S.R.L, 2020)

Ambient noise data were collected over a 16-minute period using the Tromino’s
internal memory system. Program 2, one of the Tromino’s built-in acquisition programs
was used during acquisition. Program 2 was selected based on the MoHo S.R.L (2020),
and was chosen due to its suitability for the following conditions:

1. GPS data is required, and the sky is visible for automatic acquisition to start.

2. Synchronization with other recordings is not needed.

3. The recording length is short (minutes) to intermediate (up to several hours).
All criteria were met during ambient noise data acquisition in the field. Program 2 also
enabled the acquisition and saving of ground motion data in the horizontal and vertical

planes. The horizontal planes are labeled as North-South (N-S) and East-West (E-W), while
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the vertical planes are labeled as Up-Down. GPS data were captured, and acquisition began
automatically after a set delay time of 10 seconds.

With the program selected and delay set, the gain channels and frequency range
were configured. Both HIGH and LOW gain channels were selected for data acquisition.
MoHo S.R.L (2020) recommends using LOW gain channels for strong vibrations that may
be induced by structures or machinery. It is also suggested to collect both HIGH and LOW
gain channels together, as HIGH gain channels offer higher sensitivity during acquisition.
For this reason, Channel 6 was selected to allow both HIGH and LOW gain channels to be
acquired. For processing, a sampling frequency of 128 Hz or 512 Hz was used with most
data collected at a sampling frequency of 512 Hz. A summary of the acquisition settings is

provided in Table 1.

Table 1: Tromino Acquisition Parameters

Chosen Acquisition Parameters

Program 2
Delay (sec) 10
GAIN Channels HIGH and LOW (Channel 6)
Acquisition Length 16 min (960 sec)
Sampling Frequency (Hz) 128/512*

*NOTE: (*) indicates the sampling frequency for HVSR data acquisitions herein

3.2.1 Data Acquisition to Study the Influence of In-situ Concrete versus Grass
Coupling on HVSR

To study the variability observed when HVSR measurements were conducted on
concrete versus grass, 45 separate noise exposures were obtained. The ambient noise
exposures were measured at 11 different sites. Data acquisition for each of the 45 ambient
noise exposures was conducted using two Tromino devices. The devices were placed a few
feet apart (one on grass and one on concrete), leveled, and the acquisition process was

started simultaneously to ensure that the Tromino sensors were exposed to the same noise
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waves. This placement ensured that the waves would travel through the same subsurface

stratum before the waves reached the acquisition instrumentation.

3.2.2 Data Acquisition to Study the Influence of Strong, Nearby Noise on HVSR

The variably of the HVSR method was also investigated when data acquisition was
subject to strong construction noise. A total of 23 noise exposures over 5 sites were used in
this portion of the study. Data acquisition was conducted on concrete and grass for 4 of the
5 sites, while at 1 of the 5 sites data acquisition only occurred on grass. At the sites where
concrete and grass acquisition occurred, two Tromino sensors were utilized. The sensors
were placed a few feet apart (one on grass and one on concrete), as seen in Figure 7, leveled,
and then the acquisition process was started simultaneously to ensure that the Tromino
sensors were exposed to the same wavefield. This placement also ensured that the waves
would travel through the same subsurface stratum before reaching the acquisition

instrumentation.

3.2.3 Data Acquisition to Study Influence of Buildings Proximity on HVSR

To investigate the variability associated with proximity of the data acquisition
location to buildings, 32 different ambient noise measurements at six different sites were
performed. One criterion for test site selection required that the data acquisition occurred
while no construction noise was present if the site was closer than 450 ft to a construction
noise source (this was done to eliminate the effect of construction noise on variability). If
the site was further than 450 ft from a construction site, data acquisitions was performed
regardless of the presence of construction noise. This criterion was used to minimize the

effect of nearby construction noise on the variability. Additionally, grass acquisitions were
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exclusively used for this investigation to eliminate the effect of concrete coupling on

variability.

3.2.4 Data Acquisition to Study Influence of Time of Day with Buildings Proximity
on HVSR

To investigate variability associated with proximity of acquisition to buildings, 23
different ambient noise measurements at four different sites were performed. These sites
were selected from the building proximity study where variability was observed. The sites
selected were approximately 50 ft from the nearest building. Grass acquisitions were

exclusively used for this investigation.

3.3 HVSR Ambient Noise Processing

The HVSR data collected by the Tromino sensors were processed using the Grilla
software, produced by MoHo S.R.L. The processing of ambient noise data followed the
data processing guidelines presented in SESAME (2005). The Tromino’s data acquisition
system collected and saved the ambient noise measurement in the time domain. The time
domain data were imported from the Tromino into the Grilla software. The Grilla software

interface can be seen in Figure 9
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18 HVSR Chang Repeat Lee's Hall BH-18(C3) TEBOGSS/O122 e 10272024 11:34:22 PM 11:50:22 PM o100 52 ()

19 HVSR Chang Repeat Lee's Hall BH-18(C4) TEBOBSS/I22  fj 107872024 11:53:00 AM 1215:00 PM 01800 P 52 (Y
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Figure 9: Grilla Software Interface

The standard analysis parameters of the Grilla software were utilized for the

computation of HVSR for this study. Of the four analysis options provided by Grilla, the

automatically selected windows parameter option was chosen. The parameter option

disregarded windows when moving standard deviation divided by the total standard

deviation was less than 2. A window size of 20 seconds and smoothing set to 10% was used

during analysis. The analyses were conducted in a frequency range of 2 to 50 Hz for each

test. The 2 to 50 Hz range was selected to encompass expected HVSR frequencies for this

region, as observed by Chi (2022) at similar locations around the University of Missouri-

Columbia campus. The analysis parameters are summarized in Table 2. HVSR analysis in

the Grilla software was conducted as follows:

1. The time trace was subdivided into non-overlapping 20 second windows, meeting

the analysis criteria. The windows that did not meet the analysis criteria are shown

as white in Figure 10.
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2. Each window meeting the analysis criteria was detrended, for each recorded
channel, and narrowed with a Bartlett window,

3. The Fast Fourier Transform (FFT) amplitude spectra were computed for each
window of each channel,

4. Each window of the amplitude spectrum for each channel were smoothed according
to the selected smoothing parameters (Triangular - 10%) (Figure 11 shows the
smoothed amplitude spectrums).

5. The HVSR was then computed for each window of each spectrum as a function of
the frequency using the geometric average of the two horizonal components, as

shown in Equation (3.1):

Vit Hy G.1)

HVSR =
|4

where H; and H, are the smoothed amplitude spectra components and V is the
smoothed vertical spectra components.

6. The average HVSR (the red line seen in Figure 12) was produced by taking the
average of the HVSR for each window in Step 5. The thinner black line is the 95%
confidence interval relative to the HVSR amplitudes. Included in Figure 12 are the

directional HVSR plots (N-S and E-W).

Table 2: Grilla Analysis Parameters
Grilla Analysis Parameters
HVSR Averaging Function Geometric Average
Automatically Selected Windows
Moving std.dev

total std.dev

Analysis Criteria

Window Size (sec) 20
Smoothing Triangular — 10%
Analysis Between (Hz) 2-50
Directional HVSR Analysis - Angular Step 10°
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Figure 10: Time trace of Lee’s Hall BH-08 Test 2 on Grass site, auto-selected windows by the Grilla

software for windows that meet the analysis criteria. The white section did not meet the selection criteria
and are disregarded during analysis.
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Figure 11:V and H spectrum plots for Journalism B-06 B Test 1 on Grass site. Green line indicates the N-S
component, blue line indicates the E-W component, and pink line indicates the Up-Down component.
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Max. H/V at 8.0 = 0.33 Hz. Max.(N-S)/V: 8.44 + 0.79 Hz. Max.(E-W)/V: 7.81 + 0.16 Hz. (In the range 2.0 - 80.0 Hz).
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Figure 12: HVSR plots for Journalism B-06 B Test 1 on Grass site. HVSR versus Frequency (Hz): Red line
indicates the average HVSR, green line indicates the N-S/V, and blue line indicates the E-W/V.

3.4 HVSR Data Interpretation

Following the processing of the ambient noise data, a critical part of HVSR analysis
is the identification and interpretation of HVSRgres. SESAME offers specific guidelines for
identifying meaningful peaks which include:

1. The HVSRRres should have a clear amplitude contrast from frequencies surrounding
the peak. SESAME (2005) suggests a minimum amplitude contrast of 2 (i.e., the
peak amplitude should be at least twice that of the adjacent lower and higher
frequencies).

2. The HVSRges should be well-defined and stable across multiple windows and
measurements. Peaks that appear inconsistently or shift significantly between
windows may indicate the presence of noise or site heterogeneity.

The second SESAME guideline above was a driving force behind this investigation. While
the HVSRRes should be well-defined and stable across the windows, the HVSRges often

showed variability from test to test at a selected site.
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In some cases, the natural HVSRRes can be clearly observed, as shown in Figure 13.
The peak was chosen at the maximum value observed in the HVSR plot that is within the
range of analysis (2 - 50 Hz). When the HVSR produced a clear HVSRges, the HVSR peak
indicates that a change occurred in the subsurface stratum. In most cases, the HVSRres
indicates that a "hard" layer, such as rock, was encountered. The single peak in the HVSR
plot can be correlated with the “eye-shape” seen in the amplitude spectra plot (Figure 14)
which typically indicates that the peak was produced by stratigraphic origin (Castellaro
and Mulargia, 2009). The “eye-shape” in the amplitude spectra plot occurs when the
vertical amplitude spectra drop off while the horizontal spectra remain constant or

increases.

Max. H/V at 7.13 + 0.03 Hz. (In the range 2.0 - 50.0 Hz).

PEAK

H/V

10
frequency [Hz]

Figure 13: HVSRRes example from MIZ MiddleQuad Test 5 on Grass
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Figure 14: Amplitude spectra 'eye-shape' example from MIZ middlequad Test 5 on Grass site.

For other cases, the natural HVSRges can be more difficult to determine (Figure 15).
Plots such as Figure 15 show multiple peak frequencies throughout the HVSR plot. These
multiple frequencies can be produced by several factors, including natural or artificial
occurrences. The peaks can signal multiple subsurface stratum layers at the selected site or
be a result of a human-made occurrence. To distinguish between natural and artificial
occurrences, a closer interpretation of the amplitude spectra plot (Figure 16) was necessary
to identify the natural HVSRges. A natural HVSRRres can be predicted when the amplitude
spectrum plot shows a drop-off of the vertical spectra while the horizontal spectra remain
constant or increase. Artificial peaks can be observed at frequencies in the HVSR plot that
correspond to narrow peaks with varying amplitudes of all spectral components in the
amplitude spectrum plot (Castellaro and Mulargia, 2009). Natural and artificial peaks are
shown in Figure 15. Figure 16 indicates the “eye-shape” (natural) and narrow peaks

(artificial) that correspond to the peaks in Figure 15.
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Max. H/V at 7.25 + 0.1 Hz. (In the range 2.0 - 50.0 Hz).
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Figure 15: HVSR curve artificial and natural peaks from MIZ Quad Site 4 Test 6 on Grass site.
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Figure 16: Amplitude spectra showing narrow peaks (Artificial) and ‘eye-shape’ (Natural) example from
MIZ Quad Site 4 Test 6 on Grass site.

Automatic selection was used for the majority of the data interpretation for this
thesis. Section 5.6 of this thesis utilized both automatic selection of the largest peak

(HVSRGriua) and the manual approach (HVSRwMan) in some cases.

3.5 Summary

The equipment and procedures used to perform HVSR data acquisition, the HVSR

data processing, and the interpretation of the HVSR results were covered in this chapter. A
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summary of the HVSR equipment was first presented. The procedure utilized to select sites
and acquiring the HVSR was discussed before a discussion about processing the HVSR

data. Finally, the interpretation of the HVSR data was detailed.
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4. HVSR DATA COLLECTION SITES

4.1 Introduction

Descriptions for each of the HVSR measurement locations around the University
of Missouri-Columbia campus are presented in this chapter. Five areas of the campus were
utilized for investigating the variability of HVSR measurements (Figure 17). Across the
five areas, 16 locations were selected where 126 HVSR measurements were conducted to
examine HVSR variability. Site locations were selected so that HVSR variability could be
studied for the following conditions:

1) In-situ coupling through concrete versus grass

2) In-situ coupling through concrete versus grass with strong, nearby noise influence,
such as construction

3) Influence of building proximity to acquisition site

4) Influences of time of day with building proximity

In addition, some sites were selected based on results from the study by Chi (2022).
These sites were chosen to further explore the variability observed by Chi (2022) when
repeated measurements were collected and analyzed using the HVSR method. Ellis Library
BH-03 B, Lee’s Hall BH-08, and Journalism BH-6 were chosen to investigate the
variability observed by Chi (2022) in measurement interpretations. Additionally, Lee’s Hall
BH-18 was chosen due to the low variability in measurements, with an attempt to replicate

the data observed by Chi (2022).
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Figure 17: Locations of the 5 data acquisition areas on the University of Missouri-Columbia campus.
4.2 Data Acquisition Locations and Descriptions

Table 3 is a summary of all the sites. The summary includes the approximate
coordinates of each site, along with which assessment sites were used in. Detailed
descriptions of each site follow Table 3. Additional site photos can be found in APPENDIX

E.
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Table 3: Summary of test site locations and conditions

Approximate Coordinates

Assessment Studies

Influence

Location Concrete | of Strong, Pro}ilmlty Time Chi
Name Latitude Longitude VS. Nearby '1((1)' of Day (2022)
Grass Noise Buildings Buildings | Repeat
[£t] [ft]
Animal 38°56'24.8" | 092°19'07.1" - 65 90
Hospital | N \
Animal 38°56'26.4" | 092°19'07.3" " "
Hospital 2 N \Y 190 45
Ellis Library | 38°56°37.8” | 092°19'35.4" 25 -
BH-01 N W
Concrete: Concrete:
38°56'38.2" | 092°19'33.3"
Ellis Library N W o "
BH-03 A Grass: Grass:
38°56'38.0" | 092°19'33.4"
N W
Ellis Library | 38°56'37.8" | 092°19'33.3" 25 o
BH-03 B N W
Journalism | 38°56'48.8" | 092°19'41.6" " 15% " "
B-06 A N W
Journalism | 38°56'48.8" | 092°19'41.3" - 8
B-06 B N W
Lee’s Hall 38°56'55.6" | 092°19'46.9" " 45 "
BH-08 N W
Lee’s Hall 38°56'55.9" | 092°19'46.7" - 50 s
BH-18 N W
Lee’s Hall 38°56'55.5" | 092°19'46.2" 3 *
Selected N W
MIZ Quad 38°56'49.5" | 092°19'43.7" - 95
Site 1 N W
MIZ Quad 38°56'49.0" | 092°19'42.0" " 30
Site 2 N \\
MIZ Quad 38°56'48.5" | 092°19'45.2" " 23
Site 3 N W
MIZ Quad 38°56'44.8" | 092°19'45.1" " 25 26
Site 4 N W
MIZ Quad | 38°56°46.5” | 092°19'42.2" " %
Site 5 N W 22 w0
MIZ Quad | 38°56°44.9” | 092°19'43.8" 15% 105*
MiddleQuad N W

*Note: (*) indicates location site was used in the corresponding Assessment Study

4.2.1 Animal Hospital 1

Eight data acquisitions conducted at Animal Hospital 1 were used to examine

HVSR variability due to different instrumentation coupling conditions (concrete versus

grass) and proximity to strong construction noise (near versus far). The Animal Hospital 1
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site was approximately 65 ft (18.8 m) from an active construction site. The construction
site included an excavation, heavy machinery (e.g., excavator, forklift), and generators.
This site was also chosen because the Tromino sensors could be used on both concrete and
grass simultaneously, ensuring that the same wavefield was recorded during data
acquisition. The coordinates of Animal Hospital 1 are found in Table 3 and can be observed
in Figure 18, along with an image of test set up. Boring logs were not available for this

selected site.

it

74 V Y » A munv — - | y sty
Figure 18: (a) An aerial photo of Animal Hospital 1 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.2 Animal Hospital 2

Six data acquisitions conducted at Animal Hospital 2 were used to examine HVSR
variability due to different instrumentation coupling conditions (concrete versus grass) and
proximity to strong construction noise (near versus far). The Animal Hospital 2 site was
approximately 190 ft (57.9 m) from an active construction site. The construction site
included an excavation, heavy machinery (e.g., excavator, forklift), and generators. This
site was also chosen because the Tromino sensors could be used on concrete and grass

simultaneously, ensuring that the same wavefield was recorded during data acquisition.
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The coordinates of Animal Hospital 2 are found in Table 3 and can be observed in Figure

19, along with an image of test set up. Boring logs were not available for this selected site.

before data acquisition.

4.2.3 Ellis Library BH-01

Six data acquisitions conducted at Ellis Library BH-01 were used to examine
HVSR variability due to the proximity to a building (near to far) and time of day building
influence (occupancy status). The Ellis Library BH-01 site was approximately 25 ft (7.6
m) south of the Ellis Library structure. Data acquisition at Ellis Library BH-01 was
conducted exclusively on grass, due to the absence of concrete. The coordinates of Ellis
Library BH-01 are in Table 3 and can be observed in Figure 20 along with an image of test
set up. Boring logs from this site indicate a 22.5 ft (6.9 m) layer of clay underlain by a 19
ft (5.8) layer of sand. Limestone was first encountered at a depth of 41.5 ft (12.6 m) below

the ground surface.
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Figure 20: (a) An aerial photo of Ellis Library BH-01 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.4 Ellis Library BH-03 A

Ten data acquisitions conducted at Ellis Library BH-03 A were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass), proximity to a building (near to far), and time of day building influence (occupancy
status). The Ellis Library BH-03 A site was approximately 2 ft (0.6 m) from the southeast
corner of the Ellis Library structure. Data acquisition at Ellis Library BH-03 A was
conducted on concrete and grass simultaneously, ensuring that the same wavefield was
recorded during data acquisition. The concrete acquisition at Ellis Library BH-03 A was
approximately 15 ft (4.6 m) north of the grass acquisition site. The coordinates of Ellis
Library BH-03 A are found in Table 3 and can be observed in Figure 21 along with an
image of test set up. Boring logs from this site indicate a 27.5 ft (8.4 m) layer of clay
underlain by a 9 ft (2.7 m) layer of clayey sand and sandy clay. Limestone was first

encountered at a depth of 36.5 ft (11.1 m) below the ground surface.
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up before data acquisition.

4.2.5 Ellis Library BH-03 B

Three data acquisitions conducted at Ellis Library BH-03 B were used in an attempt
to replicate variability presented by Chi (2022). Chi (2022) observed variability of the
HVSRRres of approximately 15%. The Ellis Library BH-03 B site was approximately 25 ft
(7.6 m) away from the southeast corner of the Ellis Library structure. Data acquisition at
Ellis Library BH-03 B was conducted exclusively on grass. The coordinates of Ellis Library
BH-03 B are found in Table 3 and can be observed in Figure 22 along with an image of test
set up. Boring logs from this site indicate a 27.5 ft (8.4 m) layer of clay underlain by a 9 ft
(2.7 m) layer of clayey sand and sandy clay. Limestone was first encountered at a depth of

36.5 ft (11.1 m) below the ground surface.
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up before data acquisition.

4.2.6 Journalism B-06 A

Twelve data acquisitions conducted at Journalism B-06 A were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass), proximity to a building (near versus far), time of day building influence (occupancy
status), proximity to strong construction noise (near versus far). It was also used in an
attempt to replicate variability presented by Chi (2022). This site was chosen because the
Tromino sensors could be used on concrete and grass simultaneously, ensuring that the
same wavefield was recorded during data acquisition. The Journalism B-06 A site was
located 15 ft (4.6 m) from the nearest building, Pickard Hall, and approximately 432 ft (132
m) from an active construction site. The construction site included an excavation, heavy
machinery (e.g., excavator, forklift), and generators. Chi (2022) observed variability of the
maximum peak frequency of approximately 18%. The coordinates of Journalism B-06 A
are found in Table 3 and can be observed in Figure 23, along with an image of test set up.
Boring logs from this site indicate 15 ft (4.6 m) layer of clay underlain by a 4 ft (1.2 m)
layer of sand and an 8 ft (2.4 m) layer of clay. Shale was first encountered at a depth of 27
ft (8.2 m) and limestone was encountered at 43 ft (13.1 m) below the ground surface.
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Figure 23: (a) An aerial photo of Journalism BH-06 A 51te location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.7 Journalism BH-06 B

Four data acquisitions conducted at Journalism B-06 B were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass). The site was also chosen because the Tromino sensors could be used on concrete
and grass simultaneously, ensuring that the same wavefield was recorded during data
acquisition. Journalism B-06 B was located approximately 8 ft (2.4 m) from Pickard Hall.
Journalism B-06 B was located 27 ft (8.2 m) from the Journalism B-06 A site, thus it was
used to identify potential reasons for the variability observed at Journalism B-06 A. The
coordinates of Journalism B-06 B are found in Table 3 and can be observed in Figure 24
along with an image of test set up. Boring logs from this site indicate 15 ft (4.6 m) layer of
clay underlain by a 4 ft (1.2 m) layer of sand and an 8 ft (2.4 m) layer of clay. Shale was
first encountered at a depth of 27 ft (8.2 m) and limestone was encountered at 43 ft (13.1

m) below the ground surface.
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Figure 24: (a) An aerial photo of Journa romino set up
before data acquisition.

4.2.8 Lee’s Hall BH-08

Eight data acquisitions conducted at Lee’s Hall BH-08 were used to examine HVSR
variability due to different instrumentation coupling conditions (concrete versus grass) and
used in an attempt to replicate variability presented by Chi (2022. This site was chosen
because the Tromino sensors could be used on concrete and grass simultaneously, ensuring
that the same wavefield was recorded during data acquisition. Chi (2022) observed
variability of the maximum peak frequency of approximately 17%. The Lee’s Hall BH-08
site was located approximately 45 ft (13.7 m) from the Lee’s Hall structure, 4 ft (1.2 m)
from a sidewalk, and 10 ft (3 m) from a roadway. Wavefields were variable at this location
due to fluctuating vehicle and foot traffic which was related to the time of day. The
coordinates of Lee’s Hall BH-08 are found in Table 3 and can be observed in Figure 25
along with an image of test set up. Boring logs from this site indicate an 8 ft (2.4 m) layer
of clay, with weathered shale first encountered at a depth of 8 ft (2.4 m). This was followed
by thin layers of weathered shale and weathered limestone, with auger refusal in limestone

at a depth of 16.7 feet (5.1 m) below the ground surface.
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Figure 25: (a) An aerial photo of Lee’s Hall —08 site lcation, and (b is a photo of the Tromino set up
before data acquisition.

4.2.9 Lee’s Hall BH-18

Eleven data acquisitions conducted at Lee’s Hall BH-18 were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass) and in an attempt to replicate variability presented by Chi (2022). This site was
chosen because the Tromino sensors could be used on concrete and grass simultaneously,
ensuring that the same wavefield was recorded during data acquisition. Lee’s Hall BH-18
was the least variable site reported by Chi (2022) with variability around 4%. The Lee’s
Hall BH-18 site was located approximately 50 ft (15.2 m) from the Lee’s Hall structure,
14.5 ft (4.4 m) from a sidewalk, and 30 ft (7.6 m) from a roadway. Wavefields were
changing at this location due to levels of vehicle and foot traffic, based on the time of day.
The coordinates of Lee’s Hall BH-18 are found in Table 3 and can be observed in Figure
26 along with an image of test set up. Boring logs from this site indicate an 8.5 ft (2.6 m)
layer of clay. Weathered shale was first encountered at a depth of 8.5 feet (2.6 m) and auger

refusal on limestone was encountered at 15 ft (4.6 m) below the ground surface.
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Figure 26: (a) An aerial photo of Lee’s Hall BH-18 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.10 Lee’s Hall Selected

Five data acquisitions conducted at Lee’s Hall Selected were used to examine
HVSR variability due to the proximity to a building (near to far) and time of day building
influence (occupancy status). The Lee’s Hall Selected site was approximately 3 ft (0.9 m)
away from the southwest corner of the Lee’s Hall structure. Data acquisition at Lee’s Hall
Selected was conducted exclusively on grass, due to the absence of concrete. The
coordinates of Lee’s Hall Selected are found in Table 3 and can be observed in Figure 27,

along with an image of test set up. Boring logs were not available for this selected site.
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Figure 27: (a) An aerial photo of Lee’s Hall Seected site location, and (b)is a photo the Tromino set up
before data acquisition.

4.2.11 MIZ Quad Site 1

Twelve data acquisitions conducted at MIZ Quad Site 1 were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass) and proximity to a building (near to far). This site was chosen because the Tromino
sensors could be used on concrete and grass simultaneously, ensuring that the same
wavefield was recorded during data acquisition. The MIZ Quad Site 1 was located 95 ft
(29 m) from the nearest building, MIZ Geology. The coordinates of MIZ Quad Site 1 are
found in Table 3 and can be observed in Figure 28, along with an image of test set up.

Boring logs were not available for this selected site.
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Figure 28: (a) An aerial photo of MIZ Quad Site 1 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.12 MIZ Quad Site 2

Four data acquisitions conducted at MIZ Quad Site 2 were used to examine HVSR
variability due to different instrumentation coupling conditions (concrete versus grass).
This site was chosen because the Tromino sensors could be used on concrete and grass
simultaneously, ensuring that the same wavefield was recorded during data acquisition.
The MIZ Quad Site 2 was located 30 ft (9.1 m) from the Reynolds Journalism structure.
The coordinates of MIZ Quad Site 2 are found in Table 3 and can be observed in Figure

29, along with an image of test set up. Boring logs were not available for this selected site.
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before data acquisition.

4.2.13 MIZ Quad Site 3

Twelve data acquisitions conducted at MIZ Quad Site 3 were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass). This site was chosen because the Tromino sensors could be used on concrete and
grass simultaneously, ensuring that the same wavefield was recorded during data
acquisition. The MIZ Quad Site 3 was located 23 ft (7 m) from the Reynolds Journalism
structure. The coordinates of MIZ Quad Site 3 are found in Table 3 and can be observed in
Figure 30, along with an image of test set up. Boring logs were not available for this

selected site.
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Figure 30: (a) An aerial photo of MIZ Quad Site 3 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.14 MIZ Quad Site 4

Twelve data acquisitions conducted at MIZ Quad Site 4 were used to examine
HVSR variability due to different instrumentation coupling conditions (concrete versus
grass) and proximity to strong construction noise (near versus far). This site was chosen
because the Tromino sensors could be used on concrete and grass simultaneously, ensuring
that the same wavefield was recorded during data acquisition. The MIZ Quad Site 4 was
located 26 ft (7.9 m) from the Lafferre Hall structure, and approximately 25 ft (7.6 m) from
an active construction site. The construction site included an excavation, heavy machinery
(e.g., excavator, forklift), and generators. The coordinates of MIZ Quad Site 4 are found in
Table 3 and can be observed in Figure 31, along with an image of test set up. Boring logs

were not available for this selected site.
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Figure 31: (a) An aerial photo of MIZ Quad Site 4 site location, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.15 MIZ Quad Site 5

Six data acquisitions conducted at MIZ Quad Site 5 were used to examine HVSR
variability due to different instrumentation coupling conditions (concrete versus grass) and
proximity to strong construction noise (near versus far). This site was chosen because the
Tromino sensors could be used on concrete and grass simultaneously, ensuring that the
same wavefield was recorded during data acquisition. The MIZ Quad Site 5 was located
100 ft (30.5 m) from the Residence on Francis Quadrangle, and approximately 225 ft (68.6
m) from an active construction site. The construction site included an excavation, heavy
machinery (e.g., excavator, forklift), and generators. The coordinates of MIZ Quad Site 5
are found in Table 3 and can be observed in Figure 32, along with an image of test set up.

Boring logs were not available for this selected site.
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Figure 32: (a) An aerial photo MIZ Quad Site 5 site loctidn, and (b) is a photo of the Tromino set up
before data acquisition.

4.2.16 MIZ MiddleQuad

Seven data acquisitions conducted at MIZ MiddleQuad were used to examine
HVSR variability due to the proximity to a building (near to far) and proximity to strong
construction noise (near versus far). The MIZ MiddleQuad site was located 105 ft (32 m)
from the nearest building, Jesse Hall, and approximately 15 ft (4.6 m) from an active
construction site. The construction site included an excavation, heavy machinery (e.g.,
excavator, forklift), and generators. Chi (2022) observed a variability of the maximum peak
frequency of approximately 18%. The coordinates of MIZ MiddleQuad are found in Table
3 and can be observed in Figure 33, along with an image of test set up. Boring logs were

not available for this selected site.
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Figure 33: (a) An aeria oca‘gion, and (b) is a photo of the Tromino et up

before data acquisition.
4.3 Summary

Described in this chapter, are the HVSR measurement locations around the
University of Missouri-Columbia campus, where five distinct areas were utilized for
investigating the variability of HVSR measurements. Effects on ambient noise collection
were studied at 16 locations with variability including data collection instrumentation
couplings (concrete versus grass), proximity to a construction site, and proximity to
buildings which were recorded at different time-of-days consistent with the building being
occupied or unoccupied.

Several sites were also chosen based on a study by Chi (2022) to explore variability
observed in repeated measurements. These include Ellis Library BH-03, Lee’s Hall BH-
08, Lee’s Hall BH-18, and Journalism BH-06. Data were collected at each site to assess the
potential causes of variability in the HVSR results. Additionally, MIZ Quad Sites and
MiddleQuad were selected to study the effects of strong nearby construction noise on
HVSR measurements. These sites were subjected to varying levels of pedestrian activity
and noise from nearby construction, with data collected during both high and low traffic

periods.
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5. RESULTS

5.1 Introduction

This chapter presents the results of an assessment of the variability observed in
HVSR measurements under different scenarios. Each acquisition was categorized based on
an assessment and ranking of the quality of the HVSR curves. Following the categorization
of the curves, the results of variability in the HVSRRres values were studied. The first results
section presents the variability of HVSRRres for in-situ coupling conditions (concrete versus
grass), followed by the HVSRRes variability of in-situ coupling when strong, nearby noise
sources are present. An assessment of the HVSRRges variability due to the proximity of the
acquisition site to buildings was completed. Finally, the effect of the time-of-day of the
measurement for measurements near buildings was investigated (termed occupied versus

unoccupied in this chapter).

5.2 Data Quality Categorization

At different sites in this study, HVSR measurements from 76 different noise
exposures (i.e., tests) were collected using 126 individual acquisitions. Each of the 126
HVSR curves were inspected and put into one of four categories based on a qualitative
assessment of the interpreted ambiguity.

Category 1 - High Quality: assigned to HVSR curves that had one clear, single peak

with few (or no) secondary peaks that were far from the frequency of interest. Figure 34

shows an example of a Category 1 site.
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Figure 34: Example of HVSR data categorized as Category 1 (MIZ Quad Site 1, Test 6 on Concrete site).

Category 2 - Medium Quality: assigned to HVSR curves when the frequency of

interest (maximum peak) was accompanied by secondary peaks that were not likely to be
mistaken for the correct peak. The secondary peaks observed in these HVSR curves were
of a much lower amplitude or far from the main peak, allowing for clear identification of

HVSRges. Figure 35 is an example of a Category 2 HVSR categorization.

Max. H/V at 7.09 + 0.08 Hz. (In the range 0.0 - 50.0 Hz).
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Figure 35: Example of HVSR data categorized as Category 2 (Animal Hospital 2, Test 2 on Grass site).

Category 3 - Low Quality: assigned to HVSR curves with several peaks of similar

amplitudes observed in the frequency range of interest, or a single low-amplitude, wide
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peak with no clear frequency value. Figure 36 is an example of an HVSR curve that was

categorized as a Category 3 curve.

Max. H/V at 6.81 + 0.13 Hz. (In the range 0.0 - 50.0 Hz).
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Figure 36: Example HVSR data categorized as Category 3 (MIZ Quad Site 1, Test 1 on Grass site).

Category 4 -Uninterpretable: was designated to be assigned to HVSR curves where
no identifiable peak was produced, as was the case for several examples from the literature.
However, this category was not encountered in any of the 126 curves from this study, so
there is no example to show.

Categories 1 and 2 are acquisitions where HVSRRes are clear, and the data should
be easy to interpret. Categories 3 and 4 are assigned to acquisitions where the ability to
select the HVSRRes, indicative of the subsurface strata, is difficult to select or nonexistent
and the results may be erroneous. Each of the 126 HVSR curves were inspected and placed
into 1 of the 4 categories based on a qualitative assessment of the HVSR plot. A summary
of the categorization of each HVSR curve is presented in Table 4. All HVSR plots can be

found in APPENDIX A.
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Table 4: Category Assignment for acquisition conducted at each investigation site.

Acquisition Quality Category

Location Name Repeat Test No.
Grass Concrete

Test 1 2 1
Test 2
Test 3
Test 4

Animal Hospital 1

Test 1
Animal Hospital 2 Test 2
Test 3

[NOJNN NS T O I B \O TR S

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

Ellis Library BH-01

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

N W

Ellis Library BH-03 A

N N

Test 1
Ellis Library BH-03 B Test 2
Test 3

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

Journalism B-06 A

Test 1

lism B-06 B
Journalism B-06 Test 2

Test 1
Test 2
Test 3
Test 4

Lee's Hall BH-08

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6
Test 7
Test 8 -

N — /W W W WM WL W N W W WIW — —[N N W W W Wil — W W W Wi NN~ N~
1

Lee's Hall BH-18

—_ = N = = = = W0 W W W W W W W W W
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Table 4 continued

Acquisition Quality Category

Location Name Repeat Test No.

Grass | Concrete

Test 1 3 -
Test 2
Lee's Hall Selected Test 3
Test 4
Test 5

Test 1
Test 2
Test 3
MIZ MiddleQuad Test 4
Test 5
Test 6
Test 7

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

MIZ Quad Site 1

Test 1

MIZ ite 2
Quad Site Test 2

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

MIZ Quad Site 3

Test 1
Test 2
Test 3
Test 4
Test 5
Test 6

MIZ Quad Site 4

Test 1
MIZ Quad Site 5 Test 2
Test 3

W N NN — W W W WIN — NN NN NN == W W Wi — = = = =W W W

W N N |W /= W W W WIN = DN DN NN N~ W~ W W Wi

*NOTE: (-) indicates the test was not performed for this condition

53



5.3 Influence of In-situ Instrumentation Coupling Conditions on HVSR
Measurements

The HVSRRes values used in this section to compare the influence of in-situ coupling
conditions on the HVSR measurements were automatically selected by the Grilla software

(HVSRrina) based on being the highest peaks in the HVSR curve.

5.3.1 Qualitative Assessment of HVSR on Concrete versus Grass

A single test comprised two data acquisitions performed simultaneously on
concrete and grass to record the same wavefield. In total, 90 acquisitions (45 on concrete
and 45 on grass) were conducted to evaluate the influence of performing HVSR
measurements on concrete as compared to grass. HVSR measurements on grass
(HVSRGrass) were considered the reference value, as the Tromino User’s Manual (MoHo
S.R.L, 2020) and the findings of Castellaro and Mulargia (2009), indicate it should provide
more reliable results.

To assess the reliability of HVSR measurements on concrete (HVSRconcrete), the
categorization number (CAT) assigned to the concrete acquisition (CATconcrete) Were
compared with the CAT assigned to the grass acquisition (CATgrass) for the same locations
and tests. This comparison was quantified using Equation (5.1):

ACAT = CAT concrete - CAT Grass 5.1
If there was no change in the quality of the data, the category difference (ACAT)

was zero, while a positive value for ACAT indicated a reduction in the quality of HVSR
results on concrete and a negative result indicated improved quality on concrete. Results
indicated that 38 of the 45 tests (84.4%) produced ACAT = 0, meaning the quality of the
data was similar for both HVSRconcrete and HVSRGrass. Two tests (4.4%) resulted in ACAT

= -1, where the quality of HVSRGrass was worse than that of HVSRconcrete. Conversely, five
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tests (11.1%) produced ACAT = 1, indicating poorer quality results from HVSRconcrete than

HVSRaGrass. These findings are presented in Figure 37.
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Figure 37: Quantitative Assessment of HVSR Test categorization based on difference in category numbers.

A further breakdown of the test results is presented in Table 5 (the average percent
difference shown in Table 5 will be discussed later in this section). Interestingly, of the tests
that produced a ACAT = 0, 47% (18 out of 38) were of the lowest quality (Category 3).
These findings showed that the quality of HVSR measurements for in-situ coupling of
concrete and grass often tended to be low quality for both HVSRconcrete and HVSRGrass,

indicating that other factors were affecting the quality of the measurements.
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Table 5: Number of tests for different Categorization combinations and average of the percent difference
for each Categorization combination

Quality Categorization Combinations
cC G|C G|C G|C G|C Gg|Cc @
CAT No. 1 21 32 2[2 1]2 3[3 3
No. of Test 7 2 0 13 1 0 18 0 4
Average %
Difference
between
HVSRsconcrete and
HVSRGrass for
each
Categorization
Combination

(@]
~la
wla
~la
w (O
0|0

-1.9% | -0.3% - 03% | -0.3% - -12.4% - -7.1%

Overall, 51% of the tests were of high to medium quality (Category 1 or 2) HVSR
curves while 40% showed low quality HVSR curves (Category 3 for both surfaces). Only
9% of tests showed transition from low quality HVSRconcrete (CAT concrete = 3) to @ medium
quality HVSRGrass. (CATGrass = 2). Based on these results, it appears that the coupling

surface had little impact on the quality (i.e., interpretability) of the HVSR plots.

5.3.2 Quantitative Assessment of HVSR on Concrete versus Grass

Figure 38 plots 45 points indicating each of the 45 tests performed for this
investigation. The points are comprised of HVSRconcrete (y-coordinate) and the HVSRGrass
(x-coordinate). Plotted points should ideally align along a 45-degree line, indicating little
or no variability due to the in-situ coupling on concrete versus grass. Of the 45 points
plotted, 68.8% (31 out of 45) of the HVSRconcrete Were within 5% of the HVSRGrass., while
31.2% showed differences that were greater than 5% and considered significant. The tests

where HVSR concrete Were outside of +£5% of the HVSRgrass are circled in Figure 38.
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Figure 38: HVSRSconcrete Versus HVSRsarass from 45 tests at same location measuring the same wavefield.
The circled points indicate the tests showing a +5% difference in the HVSRSsconcrete compared to HVSRSGrass

To further analyze variability between HVSRconcrete and HVSRaGrass, the percent
difference between the maximum peak frequencies was calculated for each test. The
percent difference was computed under the assumption that the HVSRarss peak was the
true value. These calculations, along with the HVSRRes, are detailed in Table 6. The average
percent difference by quality category was also calculated and presented in Table 5.
Calculating an average percent difference assisted in the quantitative assessment and
allowed for the following observations: (1) When both HVSR concrete and HVSRGrass Of a test
have been categorized as high quality (Category 1 or 2), the average percent difference
ranged from 0% to 2%. (2) When low quality measurements for HVSRconcrete and
HVSRarass (Category 3) are observed, the average percent difference increased to 12.4%.

The findings from the quantitative assessment support the observation from the
qualitative assessment of the influence of in-situ instrumentation coupling. The in-situ

coupling on the instrumentation is not likely the cause of the HVSR measurement
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variability because both the HVSRconcrete and HVSRGrass are of low quality, indicating that
other factors are attributing to the variability observed in the HVSRRres. The HVSRGrass

versus the percent differences are presented in Figure 39.
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Figure 39: HVSRGrass versus precent difference of HVSRConcrete to HVSRGrass.

Table 6: Results from repeat measurements with simultaneous acquisition of concrete and grass, and the
percent difference of the HVSR concrete to HVSRGrass.

. Acquisition CAT No. HVSRGiua (Hz) % Diff.
Location | b o cat Test No. HVSR Conerete
Name Grass Concrete | HVSRGrass | HVSRconerete from HVSR Grass
Test 1 2 1 8.13 9.06 11.4%
Animal Test 2 1 1 8.88 8.28 -6.8%
Hospital 1 Test 3 2 2 9.38 10.63 13.3%
Test 4 1 2 9.56 9.53 -0.3%
. Test 1 2 2 6.88 6.88 0.0%
Animal Test 2 2 2 7.09 7.03 0.8%
Hospital 2
Test 3 2 2 7.06 7.03 -0.4%
Test 1 3 3 7.72 5.5 -28.8%
Test 2 3 3 7.81 7.69 -1.5%
Journalism Test 3 3 3 7.78 3.75 -51.8%
B-06 A Test 4 2 3 7.66 5.5 -28.2%
Test 5 3 3 5.09 5.09 0.0%
Test 6 3 3 8.13 5.13 -36.9%
Journalism Test 1 3 3 7.94 8 0.8%
B-06 B Test 2 2 3 8.25 8.03 -2.7%
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Table 6 continued

Locati Acquisition CAT No. HVSRGiua (Hz) % Diff.
ocation Repeat Test No HVSRConcrete
Name ) Qrass Concrete HVSRGrass HVSRConcrete ﬁ_om HVSRGrass

Test 1 3 3 16.22 13.13 -19.1%
Lee's Hall Test 2 3 3 16.25 13.31 -18.1%
BH-08 Test 3 3 3 16.69 1591 -4.7%
Test 4 3 3 12.5 16.25 30.0%
' 1 Test 1 1 1 15.31 14.69 -4.0%
B Test 2 1 1 15.06 14.97 0.6%
Test 3 2 1 15.53 13.66 -12.0%
Test 1 3 3 6.81 6.88 1.0%
Test 2 3 3 6.56 6.53 -0.5%
MIZ Quad Test 3 3 3 6.81 6.88 1.0%
Site 1 Test 4 1 1 6.88 6.88 0.0%
Test 5 2 3 6.84 6.88 0.6%
Test 6 1 1 6.84 6.84 0.0%
MIZ Quad Test 1 2 2 6.38 6.44 0.9%
Site 2 Test 2 2 2 6.44 6.47 0.5%
Test 1 2 2 8.41 8.28 -1.5%
Test 2 2 2 8.41 8.13 -3.3%
MIZ Quad Test 3 2 2 8.28 8.31 0.4%
Site 3 Test 4 2 2 8.41 8.13 -3.3%
Test 5 1 1 8.41 8.41 0.0%
Test 6 2 2 9.06 8.72 -3.8%
Test 1 3 3 7 5.16 -26.3%
Test 2 3 3 7.19 5.19 -27.8%
MIZ Quad Test 3 3 3 7.19 5.28 -26.6%
Site 4 Test 4 3 3 7 7.13 1.9%
Test 5 1 1 7.31 7.16 -2.1%
Test 6 2 3 7.25 7.38 1.8%
d Test 1 2 2 8.63 8.69 0.7%
Mlszl tg‘ga Test 2 2 2 8.63 8.69 0.7%
Test 3 3 3 8.75 7.41 -15.3%

5.4 Influence of In-situ Instrumentation Coupling in the Presence of a
Strong, Nearby Noise Source

All the HVSRRes used in this section to compare the influence of in-situ coupling
condition under strong, nearby noise sources on the HVSR measurements were HVSRG;iia

(i.e., automatically selected by the Grilla software based on the highest peak)
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5.4.1 Qualitative Assessments of HVSR Due to Construction Noise

The variability of the HVSR results was investigated under conditions of strong
construction noise. A total of 23 noise measurements across five sites were analyzed for
this portion of the study. Four scenarios were considered: (1) Acquisition close to a
construction site with strong construction noise (CN). (2) Acquisition close to a
construction site without strong construction noise (QN). (3) Acquisition at a distance from
a construction site with strong construction noise (CD). (4) Acquisition at a distance from
a construction site without strong construction noise (QD).

Sites were classified as "close" if a site was located within 65 feet of the
construction site, and as "at a distance" if it was farther than 65 feet. The 65-foot threshold
was chosen based on a distinct break in the site location distances used in the study.
Assessments of HVSR data quality categories are presented in Figure 40. When data
acquisition occurred “near” and “on grass”, acquisition categorization showed that 75% of
the HVSR curves were easy to interpret (Categories 1 and 2). On the contrary, acquisitions
that took place “near” the active construction site and “on concrete” showed that only 50%
of the HVSR fell into Categories 1 or 2. Test sites that were at a distance from the
construction noise produced HVSR values that typically fell in the medium quality
(Category 2) to low quality (Category 3) HVSR curves. The lower quality tests are most
likely attributed to factors other than the construction noise, such as proximity to buildings,

which will be discussed in Section 5.5.
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Figure 40: Quantitative assessment of test categorization based on presence of construction noise and
distance from construction site

5.4.2 Quantitative Assessments of HVSR Due to Construction Noise

To further assess variability due to construction noise, a reference frequency was
established for each site. Reference frequencies are the expected frequency value for the
site. These values were determined using available boring logs and the depth-to-bedrock
relationships presented by Chi (2022). When boring logs were unavailable, reference
frequencies were selected based on reasonable fits with the Chi (2022) relationship. These
reference frequencies were used to compute the percent difference between the HVSRGina
HVSR peak and the reference frequency, for each test. The data are summarized in Table
7. Additionally, each test was plotted against the reference frequency to illustrate variability
due to strong construction noise. These plots are shown in Figure 41 and Figure 42.

Figure 41 and Figure 42 demonstrate the reliability of repeat test results under
different scenarios of proximity and noise levels. As observed in Figure 41, most of the
repeat measurements where variability beyond 5% (7 out of 8) was observed were from

measurement on concrete (HVSRconcrete) in the presence of construction noise. HVSRGrass
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represents only 17% of the HVSR repeat measurements that were beyond 5% variability
from the reference value when construction noise was present. Table 7 further categorizes

the sites and lists the computed percent differences in frequency.
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Table 7: Classifications and Categorization of Site with Selected Baseline and Percent Different Calculation

CAT HVSRrina [Hz] % %
Location Repeat Prox.to Construction Ref. Diff Diff.
Name Test Construction Noise Class Freq Grass Cone
No. Grass Concrete QGrass Concrete [Hz] to to
Ref. Ref.
Test 1 CN 2 1 8.13 9.06 1496 | 523
% %
Animal Test 2 CN 1 1 8.88 8.28 71106 | 1339
. Close 9.56 %
Hospital 1 ) 11.19
Test 3 CN 2 2 9.38 10.63 1.88% %%
Test 4* QN 1 2 9.56 9.53 0.00% | 0.31
%
Test 1 CN 3 3 7 5.16 0.00% | 26.29
%
Test 2 CN 3 3 7.19 5.19 2.71% | 25.86
%
MISZitSZ‘ad Test 3 Close CN 3 3 7.19 5.8 7 | 271% | 2457
%
Test 4* QN 3 3 7 7.13 0.00% 1;/86
0
Test 5 CN 1 1 731 7.16 4.43% 2;,/209
Test 6 CN 2 3 7.25 7.38 3.57% 5;13
0
Test 1 CN 1 5 7.09 5 0.56% =
Test 2 CN 1 - 7.16 - 0.42% -
- Test 3 CN 1 - 7.06 - 0.98% .
MiddleQuad | Test4* Close QN 1 - 7.13 - 713 | 0.00% -
Test 5 QN 1 5 7.13 5 0.00% =
Test 6 QN 1 - 7.13 - 0.00% -
Test 7 CN 1 - 7 - 1.82% i
Test 1 CD 2 2 6.88 6.88 5550 2;55
%
Animal Test 2 Distance CD 2 2 7.09 7.03 7.06 | 042% | 0.42
Hospital 2 o
0
Test 3* QD 2 2 7.06 7.03 0.00% | 0.42
%
Test 1 CD 2 2 8.63 8.69 137% 0(.)69
%
MIZ Quad | i o Distance CD 2 2 8.63 8.69 8.75 g 0.69
Site 5 1.37% %
0
Test 3% QD 3 3 8.75 7.41 0.00% | 15.31
%
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The results indicate that construction noise can significantly impact the variability
of HVSR measurements, particularly on concrete surfaces. When exposed to strong
construction noise, data collected on concrete exhibited greater variability compared to
data collected on grass. This trend, illustrated in Figure 41, shows the percent difference
from the reference frequency for “close” sites. Figure 42 indicates that construction noise
is usually not an issue for “at a distance” sites, where the construction noise may be a good
source of ambient noise. Ultimately, these findings suggest that proximity to strong
construction noise introduces variability to HVSR measurements performed on concrete,
but did not have much influence on HVSRGrass. This is an important caveat to the prior
findings that concrete coupling did not affect the quality of the HVSR measurements. A
more detailed discussion on the influence of construction noise is provided in Chapter 6.
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20%
@ Construction Noise
10% on Grass

0,
0% b L4 °—6—¢ O No Construction

Noise on Grass
-10%
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=209
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HVSRRes % Diff. from Reference

30% Baseline
0O 1 2 3 4 5 6 7 8
Repeat Test No.
(b) MIZ Quad Site 4 (c) Animal Hospital 1

30% 30%
[0}
o (3
=] . . g
% 20% . ConGSthtlon Noise g 20% ® Construction Noise
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o v = [ J
a S L e i
< -10% A No Construction § 10% A No Construction on
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T -30% Noise on Grass 230% Baseline

0o 1 2 3 4 5 6 7 Baseline 0 1 2 3 4 5
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Figure 41: Percent Difference of HVSRRres to Selected Baseline HVSRRres for Sites Classified as “Close”: (a)
MIZ MiddleQuad (b) MIZ Quad Site 4 (c) Animal Hospital 1.
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(a) Animal Hospital 2 (b) MIZ Quad Site 5
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Figure 42: Percent Difference of HVSRRres to Selected Baseline HVSRRres for Sites Classified as “Distance™:
(a) Animal Hospital 2 (b) MIZ Quad Site 5.

5.5 Influence of Proximity to Buildings on HVSR Measurements

All the HVSRRges used in this section to assess the proximity of buildings on the

HVSR measurements were HVSR g, values.

5.5.1 Qualitative Assessments of HVSR due to Proximity to Buildings

Guidelines provided by SESAME (2005) recommend conducting measurements at
locations sufficiently distant from buildings to minimize their influence on data acquisition.
To investigate the impact of proximity to buildings, 32 tests were analyzed across six
different sites. Each site was categorized based on its distance from the nearest building.
No explicit distance recommendations are provided by SESAME (2005), while some
studies presented findings that correlated the building height to an influence distance (e.g.,
Mucciarelli et al., 1997; Gallipoli et al., 2004; Chatelain et al., 2008). The data were
classified into three proximity groups (Near, Intermediate, and Far) as shown in Table 8.

HVSR measurements were conducted around buildings that were three to four
stories in height, typically ranging from 30 to 50 ft (approximately 9 to 15 m). According

to Mucciarelli et al. (1997), the influence of buildings diminishes at a horizontal distance
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equal to the building height. As a result, sites located farther than 50 ft (15 m) from the
buildings were classified into the “Far” group. Sites within 50 ft of a building were
categorized as "Near" or "Intermediate" based on a distinct break in the site location

distances used in the study.

Table 8: Proximity to Building Grouping Criteria

Near Intermediate Far
d<8ft | 8ft<d<50ft | d>50ft

After assigning each test to a proximity group, the HVSR curves were evaluated
and categorized as described in Section 5.2. The occurrence rate of tests assigned to each
category was analyzed within each proximity group to assess the reliability of HVSR
measurements relative to building proximity. The results are shown in Figure 43 and

summarized in Table 9.
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Near Intermediate Far
Building Proximity Classification

Figure 43: Data quality Category as a function of the building proximity.
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Table 9: Data quality Category separated into building proximity groupings

CAT No. Near Intermediate Far
1 0 2 5
2 2 1 1
3 9 9 3

The results indicate that as the proximity to buildings decreases, the quality of the
HVSR curve tends to degrade. For example, the “Near” group exhibited the highest number
of Category 3 (low quality) curves, while the “Far” group had the highest number of
Category 1 (high quality) curves. Additionally, the average categorization values for each
proximity group (Table 10) reveals a trend of decreasing quality with decreasing distance
to buildings. The “Far” group had the lowest average category number (1.78), indicating
higher quality HVSR curves, whereas the “Near” group had the highest average category

number (2.82).

Table 10: Average Acquisition Category Number for Each Proximity Grouping

Near Intermediate Far
CAT No. Average 2.82 2.58 1.78

5.5.2 Quantitative Assessments of HVSR due to Proximity to Buildings

To evaluate variability, a reference frequency was selected using the same method
as in previous analyses. The percent differences of the measured frequencies relative to
reference values were calculated. The percent differences are summarized in Table 11 and
shown in Figure 44. The results demonstrate that repeat measurements variability is small
for measurements in the “Far” group. In contrast, sites in the “Near” and “Intermediate”
groups show higher variability, as evidenced by larger deviations from the reference

frequencies. The large differences are likely due to frequencies emanating from the

67



building dominating the HVSR results and producing large differences from the expected

stratigraphy based frequencies.
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Figure 44: Percent difference of select sites from the reference value for repeated test
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Table 11: Results from repeat measurements with different proximity to buildings

o/ T
Location Proximity to CAT No. | HVSReru. (Hz) Reference | % Diff
o g Repeat Test No Frequency from
Name Building .
Grass Grass (Hz) Baseline
Test 1 3 4.75 -33.0%
Test 2 3 4.75 -33.0%
Ellis Library Test 3 3 7.09 0.0%
N 7.09
BH-03 A cat Test 4 3 7.09 0.0%
Test 5 2 7.38 4.1%
Test 6 2 7.19 1.4%
Test 1 3 14.88 3.3%
Lt all Test 2 3 7.19 -50.1%
ees Ha Near Test 3 3 7.06 1440 | -51.0%
Selected
Test 4 3 14.69 2.0%
Test 5 3 5.75 -60.1%
Test 1 3 6.22 22.2%
Test 2 3 6.16 21.0%
Ellis Library . Test 3 3 5.75 13.0%
.0
BH.0] | [ntermediate Test 4 3 5.75 3091 13.0%
Test 5 1 5.25 3.1%
Test 6 1 5.19 2.0%
Test 1 3 7.72 11.1%
Test 2 3 7.81 12.4%
Journalism . Test 3 3 7.78 11.9%
B-06 A Intermediate Test 4 N 766 6.95 10.2%
Test 5 3 5.09 -26.8%
Test 6 3 8.13 17.0%
Test 4 1 7.13 0.0%
MIZ Far Test 5 1 7.13 7.13 0.0%
MiddleQuad* ‘ ' B
Test 6 1 7.13 0.0%
Test 1 3 6.81 -0.4%
Test 2 3 6.56 -4.1%
MIZ Quad Test 3 3 6.81 -0.4%
. .84
Site 1 Far Test 4 1 6.88 08 0.6%
Test 5 2 6.84 0.0%
Test 6 1 6.84 0.0%

*Note : (*) indicates site was into 450 ft of construction site so selected test were when no construction was

present

5.6 Influence of Time of Day with Building Proximity

Although no specific guidelines address the influence of building occupancy on

HVSR measurements, recommendations from SESAME (2005) and the Tromino User’s

Manual (MoHo S.R.L, 2020) suggest conducting measurements in a quiet environment. To
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evaluate the effect of building occupancy on HVSR data variability, 23 tests were analyzed.
These data were collected from two sites from the "Near" grouping and two sites in the
"Intermediate" grouping. Measurements were performed both during operating hours and
non-operating hours. Tests were classified as “Occupied” measurements (Occ.) which
occurred during the building normal operating hours. This time corresponded to high
ambient noise levels and presumably high building noise levels. “Unoccupied”
measurements (NOcc.) were typically performed very early in the morning (4 A.M. — 7
A.M.) when the building was likely unoccupied and ambient noise levels were also low
due to lack of traffic noise and other activity (the exact times of each acquisition are
provided in APPENDIX F). The HVSRRres used in this section to assess the influence of
building occupancy status on the HVSR measurements were both the software selected
values (HVSRGin.) as well as manually selected HVSR values (HVSRman) determined

from examining the direction spectra separately.

5.6.1 Qualitative Assessments of HVSR Due to Occupancy Status

Of the 23 tests, 10 were conducted during occupancy, while 13 occurred during
non-occupancy. The results were also separated by proximity groupings, as shown in
Figure 45 and Table 12.

The data suggest that the most challenging scenario for obtaining reliable results
occurs during non-business hours (i.e., non-occupied buildings). Measurements collected
during business hours (i.e., occupied buildings) yielded four easily interpreted results,
compared to only one in non-occupied buildings. This highlights a weak but consistent

trend suggesting that measurements during occupancy may produce more reliable data.
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Possible reasons for this observation are presented in Influence of Proximity to Buildings

in Section 6.1.3.

Number of Categoried Test

Occupied

3

Test CAT

0

1

2

Non-occupied

12

Intermediate

m Near

Figure 45: Data quality Category as a function of building occupancy and proximity

Table 12: Amount of Categorized test depending on building occupancy and proximity grouping

Occupancy CAT No. Near Intermediate Total
1 - 2 2
Occ. 2 2 - 2
3 3 3 6
1 - - -
NOcc. 2 - 1 1
3 6 6 12

5.6.2 Quantitative Assessments of HVSR Due to Occupancy Status

A percentage difference calculation was used to assess the influence of occupancy

status of a building on HVSR measurements. The percent difference was computed

between the HVSRG i« and HVSRwman to the corresponding reference frequency (i.e.,

expected values). Results of the calculations can be found in Table 13. Some HVSR curves
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exhibited multiple peaks (Category 3), so the manual method was used to see if the natural
peak could be identified versus artificial peaks (as detailed in Section 3.4).

Manual inspection of the HVSR curves was often required to identify the true
natural peak, as in some cases a large artificial peak was selected by the Grilla software
because it was the highest peak. For example, Figure 46 shows a case where the HVSRGina
peak was selected at 4.75 Hz, while the HVSRwman identified the a peak at 7.09 Hz using
the procedure described in Section 3.4. Conversely, Figure 47 demonstrates a situation
where Grilla successfully selected the natural peak at 7.09 Hz only because it was slightly
higher. Figure 48 and Figure 49 show cases where time-of-day (i.e., building occupancy)
influenced the HVSR i selection and where use of HV SRman would provide an improved

interpretation.
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Figure 46: HVSR curve (top) and amplitude spectra (bottom) plots (Ellis Library BH-03 A, Test 2 on Grass
site) is an example of when the Grilla software selected an HVSRRres (4.75 Hz) that was produced by
artificial peaks in the amplitude spectra plots. Manual interpretation would indicate that 4.75 Hz is the
incorrect HVSRRes because it is not associated with an ‘eye-shape’ in the amplitude spectra plots. The
HVSRRes determined by manual interpretation would be selected as 7.09 Hz due to the ‘eye-shape’ that was
also selected by determining the ‘eye-shape’ due to manual interpretation.
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Max. H/V at 7.09 = 2.01 Hz. (In the range 2.0 - 50.0 Hz).
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Figure 47: HVSR curve (top) and amplitude spectra (bottom) plots (Ellis Library BH-03 A, Test 4 on Grass
site) is an example of when the Grilla software selected an HVSRRres (7.09 Hz) that was also selected by
determining the ‘eye-shape’ due to manual interpretation. Grilla software did not select 4.75 Hz due to the
amplitude being less than the 7.09 HVSRRges.
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Table 13: Percent Difference of Grilla Selected Frequency and Manual Inspection Frequency to Reference
Frequency for Sites Assigned to Building Proximity Groupings "Near" and "Intermediate"

HVSR. HVSR, Ref * HVSRGriia HVSRwman
Grilla Man ) 4 0 o
Location | Proximity Repeat CAT | Occupancy (Hz) (Hz) Frequency o Diff 6 Diff
Name Group Test No Status (Hz) from from
No. : Reference Reference
Grass Grass Grass Frequency | Frequency
Test 1 3 NOcc. 4.75 7.31 -33.0% 3.1%
Test 2 3 NOcc. 4.75 7.42 -33.0% 4.7%
Ellis Test 3 3 NOcc. 7.09 7.09 0.0% 0.0%
Library Near 7.09
BH-03 A Test 4 3 NOcc. 7.09 7.09 0.0% 0.0%
Test 5 2 Occ. 7.38 7.37 4.1% 3.9%
Test 6 2 Occ. 7.19 7.25 1.4% 2.3%
Test 1 3 Occ 14.88 14.47 3.3% 0.5%
Test 2* 3 Occ 7.19 14.53 -50.1% 0.9%
Lee's
Hall Near Test 3 3 NOcc 7.06 14.07 14.40 -51.0% -2.3%
Selected Test4* | 3 NOce. 14.69 14.69 2.0% 2.0%
Test 5 3 Oce. 5.75 Inconclusi 60.1% _
& ve
Test 1 3 NOcc. 6.22 6.2 22.2% 21.8%
Test 2 3 NOcc. 6.16 6.15 21.0% 20.8%
Ellis Intermedi | Test3* | 3 NOcc. 575 6.55 13.0% 28.7%
Library 5.09
BH-01 ate Test 4* 3 NOcc. 5.75 6.24 13.0% 22.6%
Test 5 1 Occ. 5.25 5.25 3.1% 3.1%
Test 6 1 Occ. 5.19 5.19 2.0% 2.0%
Test 1 3 Occ. 7.72 7.74 11.1% 11.4%
Test 2 3 Occ. 7.81 7.84 12.4% 12.8%
Journalis .| Test3 3 Occ. 7.78 7.78 11.9% 11.9%
m B-06 Intermedi 6.95
A ate Test 4 2 NOcc. 7.66 7.67 10.2% 10.4%
Test 5 3 NOcc. 5.09 5.11 -26.8% -26.5%
Test 6 3 NOcc. 8.13 8 17.0% 15.1%

*Note: reference frequencies are the expected value based on site conditions
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Figure 48: HVSRarilla percent difference from reference frequency for selected sites (Open symbols: non-
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Figure 49: HVSRwman percent difference from reference frequency for selected sites (Open symbols: non-
occupied. Closed symbols: occupied)
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The results, presented in Figure 48 and Figure 49, indicate that building occupancy
significantly influences the reliability of HVSR data. Analysis using automated peak
selection (HVSRgGina) revealed that, for measurements during off-hours (unoccupied
buildings) 77% (10 out of 13) of repeated measurements exhibited a variability greater than
5% from the reference frequency. In contrast, measurements during normal business hours
(occupied buildings), only 50% (5 out of 10) of the acquisitions showed variability
exceeding 5%. These findings suggest that measurements collected during hours of
building occupancy generally yielded more consistent results. Reason for this observation
are discussed in Chapter 6.

Figure 49 demonstrates that HVSRu., has the capability to reduce variability in
certain scenarios. Under unoccupied building conditions, HVSRua, decreased the
proportion of repeated tests showing variability greater than 5% from 77% to 53%. A
similar reduction was observed for measurements performed during building occupancy
hours, where the percentage of repeated measurements with variability exceeding 5%
dropped from 50% to 40%.

These findings highlight the potential of manual HVSR analysis to improve data

consistency and will be discussed in greater depth in Chapter 6.

5.7 Summary

In this chapter, variability findings of HVSR maximum peak frequencies based on
76 noise exposures across 16 sites and a total of 126 acquisitions were presented. The
investigation focused on four primary factors: in-situ instrumentation surface coupling

(concrete vs. grass), influence of a strong, nearby noise source, proximity to buildings, and
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measurement time-of-day (i.e., building occupancy) during acquisition. These findings are

summarized below.

1.

In-situ Instrumentation Surface Coupling (Concrete vs. Grass):

The variability in HVSR measurements between concrete and grass was
generally minor (0% - 2%) when HVSRconcrete and HVSRGrass were both of high
quality (51% of the tests).

Notable variability was observed when both HVSRconcrete and HVSRGrass were
classified as Category 3, suggesting that other factors are likely the primary

source of the variability.

Influence of Strong Construction Noise:

Strong construction noise had a minimal impact on HVSR measurements taken
on grass, with only 2 test showing variability in HVSRRges, from the referncee
value, that was greater than 5%.

A more important observation taken from this study was that larger variability
was observed for HVSRconcrete measurements under similar noise conditions

(88%).

Proximity to Buildings:

Results indicated increased variability in HVSR data at sites located closer to
buildings.

The influence of building was more pronounced at “near” and “intermediate”
sites (0 — 50ft). Multiple peaks were observed in the HVSR curves, one likely

from the building vibrations and one from ambient noise. The various peaks
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result in low quality acquisitions with potential large errors in the interpreted
frequency (especially if automated methods are used).
4. Building Occupancy:

- Repeat measurements conducted near occupied buildings were less variable
(50% variability) compared to those taken near unoccupied buildings (77%
variability).

- Manual interpretation of HVSR curves showed a decrease in the variability
from the reference frequency (i.e., expected value) for all measurements, both
occupied and unoccupied.

The findings underscore the importance of considering environmental and site-

specific factors when conducting HVSR measurements. While some variability is
unavoidable, the results highlight the need for careful interpretation of data, particularly in

urban settings. These findings will be discussed in the next chapter.
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6. DISCUSSION

6.1 Introduction

The main objective of this thesis was to perform qualitative and quantitative
assessments of four potential influences on HVSR variability in urban environments as
follows: (1) The influence of in-situ instrumentation surface coupling (concrete versus
grass), (2) the influence of in-situ coupling with strong, nearby noise sources, (3) the effect
of building proximity, and (4) the influence of time of day in combination with building
proximity (i.e., building occupancy). In this chapter, results presented in Chapter 5 are
discussed and the findings are compared to past studies before suggestions for future

studies are discussed.

6.1.1 Influence of In-situ Instrumentation Coupling (Concrete vs. Grass)

The results demonstrated minimal variability in HVSRRres between measurements
conducted on concrete and grass surfaces, except in cases where both surfaces produced
low quality (Category 3) HVSR curves. These findings suggest that surface type does not
significantly influence HVSR results under normal conditions. This finding is in agreement
with the SESAME (2005) guidelines and supporting literature (Koller et al., 2004 and
Chatelain et al., 2008) but contradicts recommendations from equipment manufacturer
MoHo S.R.L.

For instances of increased variability, the likely cause is subsurface complexity or
other factors rather than the surface material itself. This result emphasizes the need to
carefully analyze Category 3 curves, as these are likely influenced by more complex factors

(i.e., subsurface complexity, buildings, environmental conditions, etc.).
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6.1.2 Influence of In-situ Instrumentation Coupling in the Presence of a Strong,
Nearby Noise Source

Contrary to expectations, the influence of in-situ instrumentation coupling in the
presence of a strong, nearby noise source (strong construction noise) had a minimal impact
on repeated measurements performed on grass (HVSRagrss). However, repeated
measurements performed on concrete (HVSRconcrete) near construction noise showed
greater variability, likely due to coupling of the propagation of vibrations through the
concrete with low amounts of attenuation. These observations partially support the
recommendations produced by SESAME (2005), MoHo S.R.L (2020), and supporting
literature (e.g., Koller et al., 2004; Chatelain et al., 2008; Mihaylov et al., 2016) but provide
some additional nuance. The findings suggest that in-situ conditions are a factor of
influence in the HVSR variability in the presence of strong noise sources. If data
acquisition occurs near a strong noise source, an instrumentation-grass coupling typically
produces HVSR measurements with low variability, likely to do the excess noise
attenuating before reaching the instruments. On the other hand, instrumentation-concrete
coupling showed that attention may not be occurring in the concrete resulting in HVSR

measurement variability.

6.1.3 Influence of Proximity to Buildings

Proximity to buildings was found to be a significant source of variability in HVSR
measurements. The closer a measurement site was to a building, the more likely it was for
building-induced frequencies to influence the HVSR data. Additionally, transient and
ambient noise from the building environment contributed to the observed variability. These

findings highlight the need for users to consider building proximity when conducting
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HVSR measurements in urban environments. Measurements taken near buildings should
be supplemented by careful manual inspection to differentiate between the natural HVSR
subsurface peak and other artificial building-induced peaks. The results indicated that
minimal variability in measurements was observed when the distance from the building
was approximately the same as the building height which agrees with Mucciarelli et al.
(1997). The overall observation aligns with SESAME (2005) and MoHo S.R.L (2020),
reinforcing the importance of maintaining sufficient distance from buildings to obtain

reliable HVSR measurements.

6.1.4 Influence of Time of Day with Building Proximity

The investigation of building occupancy revealed slight but notable differences in
the reliability of HVSR measurements based on whether data acquisition occurred during
a building’s operating or non-operating hours. Tests were classified as “Occupied”
measurements (Occ.) which occurred during the building's normal operating hours which
was also a time when ambient noise levels were high. “Unoccupied” measurements
(NOcc.) were typically early in the morning (4 A.M. — 7 A.M.) when the building was
likely unoccupied and ambient noise levels were low. Measurements taken during
operating hours generally produced higher quality HVSR results.

Additionally, it was observed that manual inspection of the HVSR curves reduced
the amount of variability in both the occupied and unoccupied cases. The decrease in
variability through manual inspection is a result of HVSRG.u. selecting the absolute
maximum peak in the HVSR curve which is not always consistent with the HVSRRges. In
some cases, typically unoccupied building HVSR tests, building frequencies dominated the

time record, often resulting in large artificial peaks in the HSVR plot. Manual inspection
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often allowed for the artificial peaks to be identified and disregarded during interpretation.
This highlights the importance of human inspection of the directional spectra when
analyzing HVSR data near structures.

A general observation was that some of the most accurate data, when compared to
the expected results, was observed when ambient noise conditions were increased (i.e.,
pedestrian and roadway traffic), even though data was being acquired before the normal
operating hours of the building.

Neither SESAME (2005) nor MoHo S.R.L (2020) provides recommendations on
this specific influence; however, they do recommend that data acquisition take place a
distance from the building and when noise levels are low. The findings from this study
would suggest that, if HVSR measurement must be acquired within 50 ft of a building,
high ambient noise levels are recommended regardless of the occupancy status of the

building.

6.2 Future Studies

This research examined four sources of variability in the HVSR method, providing
a foundation for future investigations aimed at improving HVSR guidelines and
applications. The following areas of research are recommended to address key challenges

identified in this study.

6.2.1 Influence of Building Proximity and Height

This study observed that proximity to buildings significantly affected HVSR
measurements. Future research should investigate how building height influences these
effects, enabling the development of distance guidelines that account for building height.

Previous studies have suggested a correlation between building height and the distance at
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which its influence on HVSR data is observed. However, current HVSR guidelines do not
provide recommendations for incorporating building height into data acquisition or for
identifying conditions under which measurements may become unreliable. For instance,
acceptable HVSR results might be obtained at a certain distance from a tall building during
calm weather, but the presence of wind could result in a magnification of the building
frequency and introduce significant variability. A study combining distance and

environmental criteria would improve the robustness of HVSR guidelines.

6.2.2 Software Processing Parameters

The study presented in this thesis used the default parameters for data processing.
A study was not conducted to investigate how data processing parameters could affect the
variability of the HVSR results. A future study could involve varying window size,
smoothing, acquisition length, and acquisition frequency to determine if data variability

can be reduced through better processing procedures.

6.2.3 Subsurface Complexity and Variability

This study found that sites classified as Category 3 exhibited significant variability,
which could possibly be attributed to complex subsurface conditions. The study herein did
not look directly at the variability caused by the subsurface complexity, rather, the borings
were used to help determine a reference value for qualitative analysis. To address possible
variability as a result of subsurface complexity and variability, future investigations should
incorporate detailed geotechnical analyses, such as borehole logging or seismic refraction
studies, to establish clearer correlations between subsurface heterogeneities and HVSR

variability. Such studies could provide new insights into how layered or irregular geology

84



influences HVSR measurements, ultimately improving data interpretation in complex

urban environments.

6.2.4 Azimuthal Variability Analysis

The data in this study used the North-South and East-West HVSR measurements,
but the data can be resolved into any direction. Resolving the measures in different
azimuthal directions has been shown to produce HVSR peaks that are direction dependent.
A future study should investigate this issue, especially around buildings where noise

directions relative to the building and receiver locations could be especially important.

6.3 Summary

Discussions of observation of four influences on the HVSR method in urban
environments were presented in this chapter as follows: (1) The influence of in-situ
instrumentation surface coupling, particularly comparing concrete and grass surfaces,
revealed that coupling was not a significant issue. Instead, the variability in HVSR
measurements was likely caused by other factors. (2) The influence of in-situ coupling with
strong, nearby noise sources demonstrated that measurements taken on concrete surfaces
exhibited greater variability. This was possibly attributed to the lower attenuation of
construction vibration through the concrete medium. (3) The effect of building proximity
was analyzed, with results indicating that the further the measurement was taken from
buildings, the higher the quality of the HVSR results and the lower the variability. (4) The
influence of time of day in combination with building proximity (i.e., building occupancy)
was examined. It was concluded that building occupancy itself may not significantly affect
measurements. Instead, ambient noise levels played a more substantial role in contributing

to variability. This section also highlighted the importance of manual inspection of HVSR
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curves, as artificial peaks could be identified and disregarded from the analysis, thereby
reducing variability. Finally, the chapter concluded with suggestions for future studies
based on observations from this research that could not be further investigated within the

scope of the current work.
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7. CONCLUSION

7.1 Summary

Geotechnical site investigation is a critical step of an engineering project (e.g.,
depth to bedrock for support of structures). A wide range of geotechnical investigation
techniques are used for investigation, some intrusive (e.g., SPT, CPT) while others are non-
intrusive (e.g., seismic refraction, electrical resistivity, GPR). One such geophysical
method has recently gained popularity for subsurface investigative purposes, the
Horizontal-to-Vertical Spectral Ratio (HVSR) method. This single-station geophysical
technique usage has increased due to the relatively low cost and the ease of deployment.
The HVSR method does not require an active source, rather it uses ambient noise to obtain
subsurface information. With no requirement for an active noise source (i.e., Earthquake-
Simulating Truck, hammer impact, etc.), the HVSR method can be set up and complete
data acquisition in a matter of minutes.

The primary object of this paper is to provide qualitative and quantitative
assessments of four potential influences on HVSR variability in urban environments by
assessing the influence of in-situ coupling conditions (concrete versus grass), the influence
of in-situ coupling conditions in the presence of strong nearby noise (construction), the
proximity to buildings, and the time of day with building proximity. Each of these factors
was analyzed to provide practical insights into the applicability and limitations of the
HVSR method for urban geotechnical and seismic assessments.

A total of 126 data acquisitions were performed around the University of Missouri-
Columbia campus to study the influence of the HVSR method. A Tromino device (MoHo
S.R.L) was used for data acquisition for this study. The acquired data was processed,
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analyzed, and interpreted in Grilla software which was developed by the Tromino
manufacturer. The findings for each of the four research questions are summarized below.
Research Question 1 — In-situ instrumentation coupling through concrete versus grass

Results showed that variability of HVSR measurements of concrete to grass was
generally minor ranging from 0% - 2% when both, HVSRconcrete and HVSRGrass, were of
high quality. The data from this study demonstrated that when HVSRconcrete quality was
low, HVSRGrass quality was typically low as well. Out of the 45 tests conducted for this
investigation, 22 included at least one acquisition categorized as Category 3. Among these
22 tests, 18 showed that both HVSRconcrete and HVSRarass were classified as Category 3,
representing low quality. The remaining four tests revealed a discrepancy were
HVSRconcrete Was classified as Category 3, while HVSRarass Was categorized as Category
2. Overall, 38 out of the 45 tests showed a ACAT = 0, indicating that the quality of the
concrete and grass acquisitions were the same. These findings suggest that in-situ
acquisition coupling did not significantly influence the HVSR measurements.

Research Question 2 — In-situ instrumentation coupling through concrete versus grass with
strong, nearby noise influence (i.e., construction activity)

Results showed that strong construction noise had a minimal impact on HVSR
measurements performed on grass, with variability in HVSRRes confined to a few tests. Of
the tests performed with construction noise, two tests showed variability that was greater
than 5% from the reference value. A more important observation taken from this study was
that larger variability was observed for HVSRconcrete measurements under similar ambient

noise conditions (88%). In some cases, the HVSRconcrete measurements showed a percent
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difference from the reference value of more than 26%, whereas the percent difference for
simultaneous acquired HVSRarass measurement was effectively 0%.
Research Question 3 — Influence of proximity of HVSR measurements to buildings

Results indicated an increase in variability of HVSR curves at sites located closer
to buildings. The quality of the HVSR curves shows the same trend. The “Near” group (d
< 8 ft from buildings) had an average Category number of 2.82 indicating that the HVSR
curves were trending toward low quality results. The “Far” group (d > 50 ft from buildings)
had an average Category number of 1.78 which indicated that the HVSR curves for the
grouping tended to be of high quality. The average Category number for the “Intermediate”
group ( 8 ft <d < 50 ft from buildings) was 2.58, which is between the average Category
values for the “Near” and “Far” grouping, indicating that as the distance from the building
increases, the quality of the HVSR curve also increases.
Research Question 4 — Influence of time-of-day with building proximity

Results from repeat measurements show that 50% of the acquisitions conducted
near occupied buildings had a variability greater than 5% from the reference value while
77% of the acquisitions taken near unoccupied buildings had a variability greater than 5%
from the reference value. Manual inspection of HVSR curves to determine the HVSR peak
produced a decrease in the variability from the reference frequency for cases when
buildings were occupied and unoccupied. When manual inspection of the HVSR curves
was implemented, for occupied buildings, the percentage or acquisition that showed
variability greater than 5% dropped from 50% to 40%. The same trend was observed for

unoccupied buildings showing a drop from 77% to 53%.
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7.2 Conclusions

Research Question 1 — In-situ instrumentation coupling through concrete versus grass

Results indicate that the HVSR measurements taken on concrete surfaces generally
exhibit comparable peak frequency values to those taken on grass, aligning with SESAME
(2005) guidelines. Minimal variability was observed in maximum peak frequencies, except
in cases where low quality HVSR curves were produced, often due to external noise or
improper coupling. The findings challenge some existing guidelines (e.g., MoHo S.R.L,
2020), which discourage measurements on concrete. This research supports the conclusion
that HVSR acquisition on concrete does not affect HVSR measurements, except when
performed near construction noise, as noted below.

Research Question 2 — In-situ instrumentation coupling through concrete versus grass with
strong, nearby noise influence (i.e., construction activity)

The presence of strong nearby noise sources, such as construction activities,
showed limited overall impact on HVSR measurements. Measurements conducted on
grass, near construction sites displayed minor inconsistencies, while those on concrete
surfaces demonstrated greater variability, likely due to the rigid surface better coupling
construction vibrations. These findings suggest that while strong noise sources can affect
measurements, the impact can be minimized through careful site selection and data
analysis. Additionally, the findings elaborate on the recommendations produced by
SESAME (2005), MoHo S.R.L (2020), and supporting literature (e.g., Koller et al., 2004;
Chatelain et al., 2008; Mihaylov et al., 2016). The finding from this thesis would suggest
that site conditions have a larger influence on HVSR variability than the strong nearby

noise source itself.
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Research Question 3 — Influence of proximity of HVSR measurements to buildings

Proximity to buildings was identified as a significant source of variability in HVSR
measurements. Measurement sites located closer to buildings were more likely to
experience building-induced frequencies influencing the HVSR data. These findings
emphasize the importance of accounting for building proximity when performing HVSR
measurements in urban settings. To ensure accurate results, measurements taken near
buildings should be accompanied by thorough manual inspection to distinguish the natural
subsurface HVSR peak from artificial, building-induced peaks. This observation is
consistent with the recommendations of SESAME (2005) and MoHo S.R.L (2020), which
stress the necessity of maintaining adequate distance from buildings to achieve reliable
HVSR measurements. This study did not investigate the distance from which building have
influence on the HVSR method, some previous studies have correlated the height to
distance of disturbance (e.g., Mucciarelli et al., 1997; Gallipoli et al., 2004).
Research Question 4 — Influence of time-of-day with building proximity

The time of day relative to building occupancy status had a noticeable effect on
HVSR measurements near buildings. Measurements taken during operating hours
generally produced higher quality HVSR results. During periods of low occupancy or
nighttime, artificial peaks associated with building vibrations were more pronounced. To
combat the more pronounced building vibrations, manual inspection allows for the
artificial peaks to be disregarded during interpretation. In contrast, increased anthropogenic
noise during the day often masked these peaks, resulting in reduced variability in HVSR
measurements. A general observation was results that were closest to the expected values

were observed when ambient noise conditions were increased (i.e., pedestrian and roadway
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traffic), but data was acquired before the normal operating hours of the building. While
neither SESAME (2005) nor MoHo S.R.L provides recommendations on this specific
influence, they do recommend that data acquisition take place a distance from buildings
and when noise levels are quiet. The finding from this study would suggest that, if HVSR
measurement must be acquired within 50 ft of a building, high ambient noise levels are

recommended regardless of the occupancy status of the building.

7.3 Recommendations

The study highlights the robustness of the HVSR method for urban geotechnical
investigations. Based on the findings of this investigation the following recommendations
are presented for data acquisitions. (1) In-situ instrumentation coupling on concrete or grass
will produce HVSR measurements that are generally in accordance with one another (i.e.,
within a few %), except as noted below. (2) If data acquisition is required to be conducted
in close proximity to a strong noise source (construction), it is recommended that the user
acquire data on grass, as a concrete acquisition may produce inaccurate HVSR
measurements as a result of construction noise coupling. (3) Data acquisition should be
taken at a distance from three or four story buildings (> 50 ft), if possible. (4) If HVSR
measurements must be acquired within 50 ft of a building, conditions of high ambient noise
levels are recommended regardless of the occupancy (i.e., building noise levels) status of
the building. (5) Due to possible variability in HVSR measurements, regardless of in-situ
coupling or building proximity, it is recommended that the HVSR results be examined
manually using the individual direction spectra to ensure the correct values are being

chosen by the processing software.
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Based on the observations made during this study, several recommendations for
future research are proposed. One recommendation is to conduct HVSR measurements at
varying distances from a building to determine the minimum distance required to eliminate
building-induced influences on the HVSR data. Additionally, there is a need to investigate
how different software parameter configurations—such as window size and smoothing—
might enhance the quality and reliability of HVSR data interpretation. Furthermore, studies
should explore the effects of complex and irregular geological conditions on the HVSR
method. Lastly, future research should focus on the impact of azimuthal variability on

HVSR measurements to better understand its influence on the method.
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APPENDIX A

Max. H/V 2t 9.06 = 0.47 Hz. (In the range 0.0 - 50.0 Ez).

[—— Z&veneBV |
0l 10 100
frequency [Hz]
Max. H/V at 8.13 = 1.5 Hz. (In the range 1.0- 50.0 Hz),
0l

frequency [Hz]

Figure A-1 Animal Hospital 1 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.28 = 0.32 Hz. (In the range 0.0 - 50.0 Hz).

A

IS

01 1 10 100
frequency [Hz]

b Max. H'V at 8.88 = 0.44 Hz. (In the range 1.0 - 50.0 Hz).

AlH

01

frequency [Ez]

Figure A-2 Animal Hospital 1 site, Test 2, concrete (a), grass (b)
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a Max. HV at 10.63 = 3.81 Hz. (In the range 0.0 - 50.0 Hz).

A

01 1 10 100
frequency [Hz]

b Max. HV at 9.38 = 0.25 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-3 Animal Hospital 1 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 9.53 = 0.08 Hz. (In the range 0.0 - 50.0 Hz).

A

01 1 10 100
frequency [Hz]

b Max. H'V at 9.56 = 1.2 Hz. (In the range 1.0 - 50.0 Hz).

100

AlH

01

frequency [Ez]

Figure A-4 Animal Hospital 1 site, Test 4, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.77 Hz. (In the range 0.0 - 50.0 H).

[——— Avenge HV |

A

IS

01 1 10 100
frequency [Hz]

b Max. H'V at 6.88 = 0.9 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01

frequency [Ez]

Figure A-5 Animal Hospital 2 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 7.03 2.0 Hz. (In the range 0.0 - 50.0 Hz).

[——— Avenge HV |

A

01 1 10 100
frequency [Hz]

b Max. H'V at 7.09 = 0.08 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-6 Animal Hospital 2 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 7.03 = 0.83 Ez. (In the range 0.0 - 50.0 H).
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01 1 10 100
frequency [Hz]
b Max. H'V at 7.06 = 0.8 Hz. (In the range 0.0 - 50.0 Hz).

100

AlH

ol
frequency [Ez]

Figure A-7 Animal Hospital 2 site, Test 3, concrete (a), grass (b)

Max. H/V at 6.22 + 0.25 Hz. (In the range 2.0 - 50.0 Hz).

8
7
6

10
frequency [Hz]

Figure A-8 Ellis Library BH-01 site, Test 1, grass
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Max. H/V at 6.16 + 0.83 Hz. (In the range 2.0 - 50.0 Hz).

8
7
6

A/H

10
frequency [Hz]

Figure A-9 Ellis Library BH-01 site, Test 2, grass

Max. H/V at 5.75 + 0.16 Hz. (In the range 2.0 - 50.0 Hz).

8
7
6

10
frequency [Hz]

Figure A-10 Ellis Library BH-01 site, Test 3, grass
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Max. H/V at 5.75 + 0.02 Hz. (In the range 2.0 - 50.0 Hz).
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A/H

10
frequency [Hz]

Figure A-11 Ellis Library BH-01 site, Test 4, grass

Max. H/V at 5.25 + 0.05 Hz. (In the range 2.0 - 50.0 Hz).
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5.0

10
frequency [Hz]

Figure A-12 Ellis Library BH-01 site, Test 5, grass
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Max. H/V at 5.19 + 0.04 Hz. (In the range 2.0 - 50.0 Hz).

10.0

A/H

5.0

10
frequency [Hz]

Figure A-13 Ellis Library BH-01 site, Test 6, grass

a Mas. H/V 2t 65021 Hz. (In the range 0.0 - 50.0 Hz).

AfH

0.1 1 10 100
frequency [Hz]
b Max. H/V at 4.75 + 0.36 Hz. (In the range 2.0 - 50.0 Hz).
8
7
6

frequency [Hz]

Figure A-14 Ellis Library BH-03 A site, Test 1, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.13 Hz. (In the range 0.0 - 50.0 Hz).
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5
4 z
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1
01 1 10 100
frequency [Hz]
b Max. H/V at 4.75 = 0.2 Hz. (In the range 2.0 - 50.0 Hz).
8
7

frequency [Hz]
Figure A-15 Ellis Library BH-03 A site, Test 2, concrete (a), grass (b)

Max. H/V at 7.09 + 1.44 Hz. (In the range 2.0 - 50.0 Hz).
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10
frequency [Hz]

Figure A-16 Ellis Library BH-03 A site, Test 3, grass
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Max. H/V at 7.09 + 2.01 Hz. (In the range 2.0 - 50.0 Hz).
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10
frequency [Hz]
Figure A-17 Ellis Library BH-03 A site, Test 4, grass
a Max. H/V at 7.19. 0.1 Hz. (In the range 0.0 - 50.0 Hz)
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b Max. H/V at 7.38 + 0.05 Hz. (In the range 2.0 - 50.0 Hz).
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Figure A-18 Ellis Library BH-03 A site, Test 5, concrete (a), grass (b)
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Max. H/V at 7.19. 0.1 Ez. (In the range 0.0 - 50.0 Ha).

01

frequency [Hz]

b Max. H/V at 7.19 + 0.15 Hz. (In the range 2.0 - 50.0 Hz).

10
frequency [Hz]

Figure A-19 Ellis Library BH-03 A site, Test 6, concrete (a), grass (b)
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100

Max. H'V at 7.5 = 0.21 Hz. (In the range 0.0 - 50.0 Hz).

[——— AveneeHV |

01

frequency [Hz]

Figure A-20 Ellis Library BH-03 B site, Test 1, grass
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Max H/V at 7.19 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

200
150
100
50

01 1
frequency [Hz]

Figure A-21 Ellis Library BH-03 B site, Test 2, grass

Mas. H/V at 7412 0.09 Ez. (In the range 0.0 - 50.0 Hz).

200
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100
50
01

frequency [Hz]

Figure A-22 Ellis Library BH-03 B site, Test 3, grass
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a Max. H'V at 5.5 = 1.96 Hz. (In the range 0.0 - 50.0 Hz).

[——— Avenge HV |

01 1
frequency [Hz]

b Max. H/V at 7.72 + 2.74 Hz. (In the range 2.0 - 50.0 Hz).

7

10
frequency [Hz]

Figure A-23 Journalism B-06 A site, Test 1, concrete (a), grass (b)

117

A

A/H



a Max. H/V at 7.69 = 3.51 Ez. (In the range 0.0 - 50.0 Ha).
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6
5
4
3
2
1
01 1 10 100
frequency [Hz]
b Max. H/V at 7.81 = 0.15 Hz. (In the range 2.0 - 50.0 Hz).
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10
frequency [Hz]

Figure A-24 Journalism B-06 A site, Test 2, concrete (a), grass (b)
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a Max. H/V at 3.75 = 1.16 Hz. (In the range 0.0 - 50.0 Hz).

A

01 1 10 100

frequency [Hz]
b Max. H/V at 7.78 + 0.15 Hz. (In the range 2.0 - 50.0 Hz).
8
7
6

frequency [Hz]

Figure A-25 Journalism B-06 A site, Test 3, concrete (a), grass (b)
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a Max. H/V at 5.5 = 1.57 Hz. (In the range 0.0 - 50.0 Ez).
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5
4 z
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01 1 10 100
frequency [Hz]
b Max. H/V at 7.66 = 0.74 Hz. (In the range 2.0 - 50.0 Hz).
8
7

frequency [Hz]

Figure A-26 Journalism B-06 A site, Test 4, concrete (a), grass (b)
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a Max. H'V at 5.09 = 0.01 Hz. (In the range 0.0 - 50.0 Hz).

A

01 1 10 100

frequency [Hz]
b Max. H/V at 5.09 = 0.01 Hz. (In the range 2.0 - 50.0 Hz).
8
7
6

10
frequency [Hz]

Figure A-27 Journalism B-06 A site, Test 5, concrete (a), grass (b)
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a Max. H/V at 5.13 = 1.92 Hz. (In the range 0.0 - 50.0 Hz).
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6
5
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1
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frequency [Hz]
b Max. H/V at 8.13 = 0.01 Hz. (In the range 2.0 - 50.0 Hz).
8
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Figure A-28 Journalism B-06 A site, Test 6, concrete (a), grass (b)
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a Max. H/V at 7.94 = 0.71 Ez. (In the range 0.0 - 50.0 Ha).

A

01 1 10 100
frequency [Hz]

b Max. H'V at 8.0 = 0.33 Hz. (In the range 0.0 - 50.0 Hz).
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frequency [Ez]

Figure A-29 Journalism B-06 B site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.25 = 0.51 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. H'V at 8.03 = 0.21 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-30 Journalism B-06 B site, Test 2, concrete (a), grass (b)
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a Max. HV at 13.13 = 0.56 Hz. (In the range 0.0 - 50.0 Hz).
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IS

01 1 10
frequency [Hz]

b Max. H'V at 16.22 = 0.22 Hz. (In the range 0.0 - 50.0 Hz).
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frequency [Ez]

Figure A-31 Lee’s Hall BH-08 site, Test 1, concrete (a), grass (b)
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a Max. HV at 13.31 = 0.35 Hz. (In the range 0.0 - 50.0 Hz).

[——— Avenge HV |

01 1 10
frequency [Hz]

b Max. H'V at 16.25 = 1.48 Hz. (In the range 0.0 - 50.0 Hz).

100

01 1 10

frequency [Ez]

Figure A-32 Lee’s Hall BH-08 site, Test 2, concrete (a), grass (b)
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a Max. HV at 15.91 = 2.47 Hz. (In the range 0.0 - 50.0 Hz).

IS
A

01 1 10 100
frequency [Hz]

b Max. H'V at 16.69 = 0.22 Hz. (In the range 0.0 - 50.0 Hz).

| §

AlH

01 1 10 100

frequency [Ez]

Figure A-33 Lee’s Hall BH-08 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 16.25 = 0.8 Hz. (In the range 0.0 - 50.0 Hz).

IS

Al

01 1 10 100
frequency [Hz]

b Max. HV at 12.5 = 1.95 Hz. (In the range 0.0 - 50.0 Hz).

TS

AlH

01 1 10 100

frequency [Ez]

Figure A-34 Lee’s Hall BH-08 site, Test 4, concrete (a), grass (b)
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a Max. HV at 14.69 = 0.71 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. H'V at 15.31 = 0.39 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-35 Lee’s Hall BH-18 site, Test 1, concrete (a), grass (b)
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a Max. HV at 14.97 = 1.37 Hz. (In the range 0.0 - 50.0 Hz).

3
[—— &y ]
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=
3
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1
01 1 10
frequency [Hz]
b Max. H'V at 15.06 = 1.12 Hz. (In the range 0.0 - 50.0 Hz).
8
7
6
5
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3
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1
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frequency [Ez]

Figure A-36 Lee’s Hall BH-18 site, Test 2, concrete (a), grass (b)
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a Max. HV at 13.66 = 0.11 Hz. (In the range 0.0 - 50.0 Hz).

E
3
2
1
01 1 10 100
frequency [Hz]
b Max. H/V at 15.53 = 1.17 Hz. (In the range 0.0 - 50.0 Hz).
8
7
6
5
4 z
3
2
1
01 1 10 100
frequency [Hz]
Figure A-37 Lee’s Hall BH-18 site, Test 3, concrete (a), grass (b)
Max. H'V at 14.91 = 5.33 Hz. (In the range 0.0 - 50.0 Hz).
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4 :
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frequency [Hz]

Figure A-38 Lee’s Hall BH-18 site, Test 4, concrete
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Max. H/V at 14.81 = 0.58 Hz. (In the range 0.0 - 50.0 Hz).

[[=——— AverageHV |
7
6
5
4
3
2
1
01 1 10 100
frequency [Hz]
Figure A-39 Lee’s Hall BH-18 site, Test 5, concrete
Max. H/V at 14.69 = 0,68 Hz. (In the range 0.0 - 50.0 Hz).
8

frequency [Hz]

Figure A-40 Lee’s Hall BH-18 site, Test 6, concrete
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Max. H/V at 14.94 = 0.23 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Hz]

Figure A-41 Lee’s Hall BH-18 site, Test 7, concrete

Max, H/V at 14.94 = 0.05 Hz. (In the range 0.0 - S0.0 Ez).

frequency [Hz]

Figure A-42 Lee’s Hall BH-18 site, Test 8, concrete
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Max. H/V at 14.88 + 5.3 Hz. (In the range 2.0 - 50.0 Hz).

10
frequency [Hz]

Figure A-43 Lee’s Hall Selected site, Test 1, grass

Max. H/V at 7.19 + 1.84 Hz. (In the range 2.0 - 50.0 Hz).

10

0

-~ 0

10
frequency [Hz]

Figure A-44 Lee’s Hall Selected site, Test 2, grass
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Max. H/V at 7.06 + 0.06 Hz. (In the range 2.0 - 50.0 Hz).

10
frequency [Hz]

Figure A-45 Lee’s Hall Selected site, Test 3, grass

Max, H/V at 14.69 =021 Hz. (In the range 0.0 - S0.0 Ez).

[——— Average HV |
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frequency [Hz]

Figure A-46 Lee’s Hall Selected site, Test 4, grass
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Max. H/V at 5.75 + 0.16 Hz. (In the range 2.0 - 50.0 Hz).

8
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A/H

10
frequency [Hz]

Figure A-47 Lee’s Hall Selected site, Test 5, grass

Max. H/V at 7.09 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

150
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AlH

frequency [Hz]

Figure A-48 MIZ Middle Quad site, Test 1, grass
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Max. H/V at 7.16 = 0.03 Hz. (In the range 0.0 - 50.0 Hz),

150
100
50

01

frequency [Hz]

Figure A-49 MIZ Middle Quad site, Test 2, grass

Mas. H/V at 7.06 = 0.06 Ez. (In the range 0.0 - 50.0 Hz).

150
100
50
01

frequency [Hz]

Figure A-50 MIZ Middle Quad site, Test 3, grass
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10.0

5.0

Max. H/V at 7.13 + 0.05 Hz. (In the range 2.0 - 50.0 Hz).

frequency [Hz]

Figure A-51 MIZ Middle Quad site, Test 4, grass

15.0

10.0

5.0

Max. H/V at 7.13 + 0.03 Hz. (In the range 2.0 - 50.0 Hz).

PEAK

10
frequency [Hz]

Figure A-52 MIZ Middle Quad site, Test 5, grass
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Max. H/V at 7.13 = 0.04 Hz. (In the range 0.0 - 50.0 Hz),

100

01 1 10 100

frequency [Hz]

Figure A-53 MIZ Middle Quad site, Test 6, grass

Max. H'V at 7.0 = 0.09 Hz. (In the range 0.0 - 50.0 Hz).

200
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100
50
01 1 10 100

frequency [Hz]

Figure A-54 MIZ Middle Quad site, Test 7, grass
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Max. H/V at 6.88 = 1.79 Hz. (In the range 0.0 - 50.0 Hz).
[—— &venev |
100

§ z

50 | A
\'\ A
|
\ A‘

\©
01 1 10 100
frequency [Hz]
b Max. H'V at 6.81 = 0.13 Hz. (In the range 0.0 - 50.0 Hz).
150
100

AlH

01

frequency [Ez]

Figure A-55 MIZ Quad Site 1 site, Test 1, concrete (a), grass (b)
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a Max. HV at 6.53 = 1.71 Hz. (In the range 0.0 - 50.0 Hz).

| \

[——— Avenge HV |

—_—

\
2 \
1 8 £
01 1 10 100
frequency [Hz]
b Max. HV at 6.56 = 3.58 Hz. (In the range 0.0 - 50.0 Hz).
100
50
ol 1 10 100

frequency [Ez]

Figure A-56 MIZ Quad Site 1 site, Test 2, concrete (a), grass (b)
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Max. H/V at 6.88 = 0.98 Hz. (In the range 0.0 - 50.0 Hz).

[—— &y ]
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Y A
01 10 100
frequency [Hz]
Max. H'V at 6.81 = 4.3 Hz. (In the range 0.0 - 50.0 Hz).
\
\,\
ol 10 100

frequency [Ez]

Figure A-57 MIZ Quad Site 1 site, Test 3, concrete (a), grass (b)
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a Max. H/'V at 6.88 = 1.04 Hz. (In the range 0.0 - 50.0 Hz).

100
=

50

01 1 10 100
frequency [Hz]
b Max. H'V at 6.88 = 0.14 Hz. (In the range 0.0 - 50.0 Hz).
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50

01 1 10 100

frequency [Ez]

Figure A-58 MIZ Quad Site 1 site, Test 4, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).
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A
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b Max. H'V at 6.84 = 0.03 Hz. (In the range 0.0 - 50.0 Hz).
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Figure A-59 MIZ Quad Site 1 site, Test 5, concrete (a), grass (b)
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a Max. H/'V at 6.84 = 0.99 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. H'V at 6.84 = 0.28 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-60 MIZ Quad Site 1 site, Test 6, concrete (a), grass (b)

145



a Max. H/V at 6.44 = 326 Hz. (In the range 0.0 - 50.0 Hz).

A

01 1 10 100
frequency [Hz]

b Max. H'V at 6.38 = 2.08 Hz. (In the range 0.0 - 50.0 Hz).
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01 1 10 100

frequency [Ez]

Figure A-61 MIZ Quad Site 2 site, Test 1, concrete (a), grass (b)
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a Max. H'V at 6.47 = 0.26 Hz. (In the range 0.0 - 50.0 Hz).
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b Max. HV at 6.44 = 0.09 Hz. (In the range 0.0 - 50.0 Hz).
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Figure A-62 MIZ Quad Site 2 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 8.28 = 0.12 Hz. (In the range 1.0 - 50.0 Hz).

IS
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01 1 10 100
frequency [Hz]

b Max. H'V at 8.41 = 0.11 Hz. (In the range 2.0 - 50.0 Hz).

AlH

01

frequency [Ez]

Figure A-63 MIZ Quad Site 3 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.13 = 0.11 Hz. (In the range 1.0 - 50.0 Hz).
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01 1 10 100
frequency [Hz]

b Max. H'V at 8.41 = 1.3 Hz. (In the range 2.0 - 50.0 Hz).
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01

frequency [Ez]

Figure A-64 MIZ Quad Site 3 site, Test 2, concrete (a), grass (b)
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a Max. H'V at 8.31 = 0.04 Hz. (In the range 0.0 - 50.0 Hz).
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frequency [Hz]

b Max. H'V at 828 = 0.04 Hz. (In the range 2.0 - 50.0 Hz).
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frequency [Ez]

Figure A-65 MIZ Quad Site 3 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 8.13 = 0.33 Hz. (In the range 1.0 - 50.0 Hz).

[——— Avenge HV |

IS
A

01 1 10 100
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b Max. H'V at 8.41 = 0.16 Hz. (In the range 2.0 - 50.0 Hz).
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Figure A-66 MIZ Quad Site 3 site, Test 4, concrete (a), grass (b)
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a Max. HV at 8.41 = 0.06 Hz. (In the range 0.0 - 50.0 Hz).
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frequency [Hz]

b Max. H'V at 8.41 = 7.16 Hz. (In the range 1.0 - 50.0 Hz).
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Figure A-67 MIZ Quad Site 3 site, Test 5, concrete (a), grass (b)
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a Max. E/V at 8.72 0.1 Hz. (In the range 0.0 - 50.0 Hz).
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b Max. H'V at 9.06 = 4.44 Hz. (In the range 0.0 - 50.0 Hz).
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Figure A-68 MIZ Quad Site 3 site, Test 6, concrete (a), grass (b)
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a Max. HV at 5.16 = 2.41 Hz. (In the range 0.0 - 50.0 Hz).
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b Max H/V at 7.0 = 322 Hz. (In the range 0.0 - 50.0 Hz).
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Figure A-69 MIZ Quad Site 4 site, Test 1, concrete (a), grass (b)
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a Max H/V at 5.19 = 1.07 Ez. (In the range 0.0 - 50.0 Hz).
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b Max. HV at 7.19 = 0.55 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-70 MIZ Quad Site 4 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 5.28 = 0.03 Hz. (In the range 0.0 - 50.0 Hz).

[—— &y ]
100
=
50
01
frequency [Hz]
b Max, H/V 2t 7.19.0.14 Hz. (In the range 0.0 - 50.0 Hz).
8
7
6
5
4 =
3
2
A
! VAN
Y N\
ol 1 10 100

frequency [Ez]

Figure A-71 MIZ Quad Site 4 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 7.13 = 1.5 Ez. (In the range 1.0- 50.0 H).

[——— Avenge HV |

A

01 1 10 100
frequency [Hz]

b Max. HV at 7.0 = 0.1 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-72 MIZ Quad Site 4 site, Test 4, concrete (a), grass (b)
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a Max. H/V at 7.16 = 0.02 Ez. (In the range 0.0 - 50.0 Hz).

300
250
200
150 Z
=
100
i A
01 1 10 100
frequency [Hz]
b Max. H/V at 731 = 0.06 Hz. (In the range 0.0 - 50.0 Ha).
250
200
150
=
100
50
01 1 10 100

frequency [Ez]

Figure A-73 MIZ Quad Site 4 site, Test 5, concrete (a), grass (b)
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a Max. H/V at 7.38 = 0.05 Ez. (In the range 0.0 - 50.0 Ha).

01 1 10 100
frequency [Hz]

b Max. H/V at 7.25 = 0.1 Hz. (In the range 2.0 - 50.0 Hz).

frequency [Hz]
Figure A-74 MIZ Quad Site 4 site, Test 6, concrete (a), grass (b)
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a Max. H/V at 8.69 = 0.09 Hz. (In the range 0.0 - 50.0 Hz).

10
[——— Avenge HV |

9

8

5 <
P
4 v
v
3
2 \
. .
01 1 10 100
frequency [Hz]
b Max. H'V at 8.63 = 0.08 Hz. (In the range 0.0 - 50.0 Hz).
100
=
50
01 1 10 100
frequency [Hz]

Figure A-75 MIZ Quad Site 5 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.69 = 3.06 Hz. (In the range 0.0 - 50.0 Hz).

[—— Avengnv |
100
A
i =
f =
50
A
01 1 10 100
frequency [Hz]
b Max. H/V at 8.63 % 2.48 Hz. (In the range 0.0 - 50.0 Hz).
150
100
=
50
01

frequency [Ez]

Figure A-76 MIZ Quad Site 5 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 7.41 = 0.96 Ez. (In the range 0.0 - 50.0 Hz).

= Eenm BV

A

01 1 10 100
frequency [Hz]

b Max. HV at 8.75 = 0.32 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure A-77 MIZ Quad Site 5 site, Test 3, concrete (a), grass (b)
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APPENDIX B

Importing Amplitude graph [H-V All]

a Max. H/V at 9.06 = 0.47 Hz. Max (N-S)/V: 8.34 = 0.09 Hz. Max (E-W)/V: 9.31 = 0.16 Hz. (In the range 0.0 - 50.0 Hz).

100

01

frequency [Hz]

Max. HV at 8.13 = 1.5 Hz. Max (N-S)/V: 8.13 = 1.06 Hz. Max(E-W)/V: 938 = 4.03 Hz. (In the range 1.0- 50.0 Ha).

250

200

150

100

01

frequency [Hz]

Figure B-1 Animal Hospital 1 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.28 = 0.32 Hz. Max (N-S)/V: 8.28 = 0.13 Hz. Max (E-W)/V: 9.06 = 0.56 Hz. (In the range 0.0 - 50.0 Hz).

150

100

01
frequency [Hz]

b Max. H/V at 8.88 = 0.44 Hz. Max (N-S)/V: 822 = 0.19 Hz. Max (E-W)/V: 9.19 = 1.27 Hz. (In the range 1.0 50.0 Hz).

AlH

01

frequency [Ez]

Figure B-2 Animal Hospital 1 site, Test 2, concrete (a), grass (b)
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a Max. HV at 10.63 = 3.81 Hz. Max (N-S)/V: 10.94 = 3.45 Hz. Max (E-W)/V: 9.38 = 2.79 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H/V at 9.38 = 025 Hz. Max (N-S)/V: 10.94 = 3.5 Hz. Max (E-W)/V: 9.38 = 0.17 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure B-3 Animal Hospital 1 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 9.53 = 0.08 Hz. Max (N-S)/V: 10.94 = 0.19 Hz. Max (E-W)/V: 9.69 = 0.17 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

b Max. H'V at 9.56 = 1.2 Hz. Max.(N-S)/V: 11.25 = 0.05 Hz. Max.(E-W)/V: 9.63 = 2.45 Hz. (In the range 1.0 - 50.0 Hz).

\J

100

£
Z

\
N
)
G

01 1 10

frequency [Ez]

Figure B-4 Animal Hospital 1 site, Test 4, concrete (a), grass (b)
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a Max. HV at 6.88 = 0.77 Hz. Max (N-S)/V: 7.19 = 1.34 Hz. Max (E-W)/V: 6.78 = 0.75 Hz. (In the range 0.0 - 50.0 Hz).

100
50
01
frequency [Hz]
b Max. H/V at 6.88 = 0.9 Hz. Max (N-S)/V: 7.41 = 0.82 Hz. Max (E-W)/V: 6.78 = 0.06 Hz. (In the range 0.0 - 50.0 Ha).
150
100
=
50
ol

frequency [Ez]

Figure B-5 Animal Hospital 2 site, Test 1, concrete (a), grass (b)
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a Max. E/V at 7.03 = 2.0 Hz. Max (N-S)/V: 7.09 = 2.01 Ez. Max (E-W)/V: 7.0 1.79 Ez. (In the range 0.0 - 50.0 Hz).

AfH

o1 1 10 100
frequency [Hz]

b Max. H/V at 7.09 = 0.08 Hz. Max (N-S)/V: 7.28 = 0.1 Hz. Max (E-W)/V: 7.0 0.1 z. (In the range 0.0 - 50.0 Ha).

100

AlH

01

frequency [Ez]

Figure B-6 Animal Hospital 2 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 7.03 = 0.83 Hz. Max (N-S)/V: 7.09 = 1.2 Hz. Max (E-W)/V: 6.94 = 0.36 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H/V at 7.06 = 0.8 Hz. Max (N-S)/V: 7.13 = 0.81 Hz. Max (E-W)/V: 6.97 = 0.06 Hz. (In the range 0.0 - 50.0 Hz).

150

100

AlH

01

frequency [Ez]

Figure B-7 Animal Hospital 2 site, Test 3, concrete (a), grass (b)

Max. H'V at 622 = 4.2 Hz. Max (N-S)/V: 6.25 = 4.81 Hz. Max.(E-W)/V: 1.34 = 0.8 Hz. (In the range 1.0 - 50.0 Hz).

IRVVARVIN

AlH

01

frequency [Hz]

Figure B-8 Ellis Library BH-01 site, Test 1, grass
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Max. H/V at 6.16 = 3.15 Hz. Max (N-S)/V: 1.75 = 0.46 Kz Max (E-W)/V: 1.0 = 1.77 Ez. (In the range 1.0 - 50.0 Ha).

AlH

01 1 10 100

frequency [Hz]

Figure B-9 Ellis Library BH-01 site, Test 2, grass

Max. H/V at 5.75 + 0.16 Hz. Max.(N-S)/V: 6.19 = 1.07 Hz. Max.(E-W)/V: 5.75 £ 2.01 Hz. (In the range 2.0 - 50.0 Hz).

8
—— Average H/'V
7 —— N-S/V
— E-W/V
6

10
frequency [Hz]

Figure B-10 Ellis Library BH-01 site, Test 3, grass
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Max. H/V at 5.75 + 0.02 Hz. Max.(N-S)/V: 6.25 + 0.18 Hz. Max.(E-W)/V: 5.75 + 0.07 Hz. (In the range 2.0 - 50.0 Hz).

8
—— Average H/'V
7 —— N-S/V
— E-W/V

10
frequency [Hz]

Figure B-11 Ellis Library BH-01 site, Test 4, grass

Max. H/V at 5.25 + 0.05 Hz. Max.(N-S)/V: 5.56 = 0.21 Hz. Max.(E-W)/V: 5.19 = 0.07 Hz. (In the range 2.0 - 50.0 Hz).
15.0

—— Average H/'V
—— N-S/V
— E-W/V

10.0

5.0

10
frequency [Hz]

Figure B-12 Ellis Library BH-01 site, Test 5, grass
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Max. H/V at 5.19 + 0.04 Hz. Max.(N-S)/V: 5.25 + 0.23 Hz. Max.(E-W)/V: 5.16 = 0.05 Hz. (In the range 2.0 - 50.0 Hz).

—— Average H/'V

—— N-S/V
10.0

— E-W/V

frequency [Hz]
Figure B-13 Ellis Library BH-01 site, Test 6, grass

a Mas. H/V at 6.5 =021 Hz. Max (N-S)/V: 6.5 = 0.05 Hz. Max (E-W)/V: .13 = 0.09 Hz. (In the range 0.0 - 50.0 Ez).

4
3
2
1
0.1 1 10 100
frequency [Hz]
b Max. H/V at 4.75 = 0.36 Hz. Max.(N-8)/V: 7.19 = 0.05 Hz. Max (E-W)/V: 4.75 = 0.04 Hz. (In the range 0.0 - 50.0 Hz).
10
9
8
7
6
; :
4
3
2
1
01 1 10 100

frequency [Ez]

Figure B-14 Ellis Library BH-03 A site, Test 1, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.13 Hz. Max (N-S)/V: 6.88 = 0.2 Hz. Max (E-W)/V: 6.88 = 0.77 Hz. (In the range 0.0 - 50.0 Hz).

Tenm BV
NIV
EW/V

01 1 10 100
frequency [Hz]

b Max. HV at 4.75 = 0.2 Hz. Max (N-§)/V: 7.16 = 1.14 Hz. Max (E-W)/V: 4.75 = 0.33 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-15 Ellis Library BH-03 A site, Test 2, concrete (a), grass (b)

Max. H'V at 7.09 = 1.44 Hz. Max.(N-S)/V: 7.06 = 0.35 Hz. Max(E-W)/V: 4.75 = 0.04 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Hz]

Figure B-16 Ellis Library BH-03 A site, Test 3, grass
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Max. H/V at 7.09 = 2.62 Hz. Max (N-S)/V: 7.06 = 2.29 Hz. Max (E-W)/V: 4.75 = 0.83 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Hz]

Figure B-17 Ellis Library BH-03 A site, Test 4, grass

a Mas. H/V at 7,192 0.11 Hz. Max (N-§)/V: 7.13 = 0.08 Hz. Max (E-W)'V: 7.19 = 0.23 Hz. (In the range 0.0 - 50.0 Hz).

ol 1 10 100
frequency [Hz]

b Max. H/V at 7.38 = 0.05 Hz. Max.(N-S)/V: 7.16 = 0.11 Hz. Max.(E-W)/V: 7.5 = 0.09 Hz. (In the range 0.0 - 50.0 Hz).

AfH

01 1 10 100

frequency [Ez]

Figure B-18 Ellis Library BH-03 A site, Test 5, concrete (a), grass (b)
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a Max. HV at 7.19 = 0.11 Hz. Max (N-S)/V: 7.19 = 0.11 Hz. Max (E-W)/V: 7.34 = 0.13 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]
b Max. H/V at 7.19 = 0.15 Hz. Max (N-S)/V: 7.16 = 0.07 Hz Max (E-W)/V: 7.44 = 0.11 Hz. (In the range 0.0 - 50.0 Hz).
ol 1 10 100
frequency [Hz]

Figure B-19 Ellis Library BH-03 A site, Test 6, concrete (a), grass (b)

150

Max. H/V at 7.5 = 0.21 Hz. Max (N-8)/V: 7.5 = 0.36 Hz. Max.(E-W)/V: 7.5 = 0.23 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

Figure B-20 Ellis Library BH-03 B site, Test 1, grass
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Max. H/V at 7.19 = 0.07 Hz. Max (N-S)/V: 7.19 = 0.1 Hz. Max (E-W)/V: 7.25 = 0.11 Hz. (In the range 0.0 - 50.0 Hz).

200

150

100

01
frequency [Hz]

Figure B-21 Ellis Library BH-03 B site, Test 2, grass

Max. H/V at 7.41 = 0.09 Hz. Max (N-8)/V: 7.34 = 0.35 Hz. Max (E-W)/V: 7.5 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

200

150

100

0.1

frequency [Fz]

Figure B-22 Ellis Library BH-03 B site, Test 3, grass
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a Max H/V at 5.5 = 1.96 Hz. Max (N-S)/V: 1.84 = 1.0 Hz. Max (E-W)/V: 5.28 = 0.79 Ez. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

B/Iax. H/V at 7.72 £ 2.74 Hz. Max.(N-S)/V: 49.97 + 18.86 Hz. Max.(E-W)/V: 35.0 + 21.95 Hz. (In the range 2.0 - 50.0 Hz).

N
—— Average H/'V
7 —— N-S/V
— E-W/V

frequency [Hz]

Figure B-23 Journalism B-06 A site, Test 1, concrete (a), grass (b)
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a Max. H/V at 7.69 = 3.51 Hz. Max (N-S)/V: 7.78 = 5.51 Hz. Max (E-W)/V: 5.16 = 2.25 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H'V at 7.81 = 0.15 Hz. Max (N-S)/V: 7.81 = 0.88 Hz. Max.(E-W)/V: 7.81 = 0.17 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-24 Journalism B-06 A site, Test 2, concrete (a), grass (b)
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a Max. H/V at 3.75 = 1.16 Hz. Max (N-S)/V: 3.75 = 1.1 Hz. Max (E-W)/V: 2.81 = 1.18 Hz. (In the range 0.0 - 50.0 Hz).

AfH

01 1 10 100
frequency [Hz]

b Max. H/V at 7.78 + 0.15 Hz. Max.(N-S)/V: 7.69 + 1.08 Hz. Max.(E-W)/V: 7.81 + 0.15 Hz. (In the range 2.0 - 50.0 Hz).

8
—— Average H/'V
7 —— N-S/V
— E-W/V
6

frequency [Hz]

Figure B-25 Journalism B-06 A site, Test 3, concrete (a), grass (b)
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a Max. HV at 5.5 = 1.57 Hz. Max (N-S)/V: 1.81 = 3.29 Hz. Max (E-W)/V: 5.28 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

AfH

01
frequency [Hz]

b Max. H/V at 7.66 + 0.74 Hz. Max.(N-S)/V: 7.63 + 0.62 Hz. Max.(E-W)/V: 5.22 + 1.59 Hz. (In the range 2.0 - 50.0 Hz).

s [
—— Average H/'V

7 —— N-S/V
— E-W/V

frequency [Hz]

Figure B-26 Journalism B-06 A site, Test 4, concrete (a), grass (b)
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a Max. HV at 5.09 = 0.01 Hz. Max (N-S)/V: 1.78 = 0.05 Hz. Max (E-W)/V: 5.09 = 0.04 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H'V at 5.09 = 0.01 Hz. Max.(N-S)/V: 8.31 = 1.19 Hz. Max.(E-W)/V: 5.09 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Ez]

Figure B-27 Journalism B-06 A site, Test 5, concrete (a), grass (b)
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a Max. HV at 5.13 = 1.92 Hz. Max (N-S)/V: 8.34 = 2.91 Hz. Max (E-W)/V: 5.13 = 0.94 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

b Max. H/V at 8.13 + 0.01 Hz. Max.(N-S)/V: 8.38 + 0.1 Hz. Max.(E-W)/V: 5.09 + 0.07 Hz. (In the range 2.0 - 50.0 Hz).

8
—— Average H/'V
7 —— N-S/V
— E-W/V

frequency [Hz]

Figure B-28 Journalism B-06 A site, Test 6, concrete (a), grass (b)
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a Max. H/V at 7.94 = 0.71 Hz. Max (N-S)/V: 8.09 = 2.16 Hz. Max (E-W)/V: 7.81 = 0.11 Hz. (In the range 0.0 - 50.0 Hz).

AfH

01 1 10 100
frequency [Hz]

b Max. H/V at 8.0 + 0.33 Hz. Max.(N-S)/V: 8.44 + 0.79 Hz. Max.(E-W)/V: 7.81 + 0.16 Hz. (In the range 2.0 - 80.0 Hz).

8
—— Average H/'V
7 —— N-S/V
— E-W/V
6
5

frequency [Hz]

Figure B-29 Journalism B-06 B site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.25 = 0.51 Hz. Max (N-S)/V: 8.66 = 0.64 Hz. Max (E-W)/V: 7.5 = 0.16 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H'V at 8.03 = 0.21 Hz. Max.(N-S)/V: 8.44 = 0.38 Hz. Max.(E-W)/V: 7.66 = 0.18 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-30 Journalism B-06 B site, Test 2, concrete (a), grass (b)
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a Max. HV at 13.13 = 0.56 Hz. Max (N-S)/V: 9.81 = 1.18 Hz. Max (E-W)/V: 12.81 = 0.56 Hz. (In the range 0.0 - 50.0 Hz).

100
50
01 1 10
frequency [Hz]
b Max. H'V at 16.22 = 0.22 Hz. Max.(N-S)/V: 13.97 = 1.22 Hz. Max.(E-W)/V: 16.16 = 0.16 Hz. (In the range 0.0 - 50.0 Hz).
100
=t
50
ol

frequency [Ez]

Figure B-31 Lee’s Hall BH-08 site, Test 1, concrete (a), grass (b)
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a Max. HV at 1331 = 0.35 Hz. Max (N-S)/V: 13.59 = 4.84 Hz. Max (E-W)/V: 13.03 = 0.29 Hz. (In the range 0.0 - 50.0 Hz).

100
50
01
frequency [Hz]
b Max. H'V at 16.25 = 1.48 Hz. Max.(N-S)/V: 13.38 = 1.72 Hz. Max.(E-W)/V: 15.94 = 0.74 Hz. (In the range 0.0 - 50.0 Hz).
100
=t
50
ol

frequency [Ez]

Figure B-32 Lee’s Hall BH-08 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 15.91 = 2.47 Hz. Max (N-S)/V: 15.63 = 3.07 Hz. Max (E-W)/V: 17.0 = 4.4 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H'V at 16.69 = 0.22 Hz. Max.(N-S)/V: 20.31 = 5.69 Hz. Max.(E-W)/V: 17.81 = 0.78 Hz. (In the range 0.0 - 50.0 Hz).

100

01

frequency [Ez]

Figure B-33 Lee’s Hall BH-08 site, Test 3, concrete (a), grass (b)
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a Max. HV at 16.25 = 0.8 Hz. Max (N-S)/V: 15.78 = 5.64 Hz. Max (E-W)/V: 12.19 = 3.54 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. HV at 12.5 = 1.95 Hz. Max (N-S)/V: 13.06 = 1.66 Hz. Max.(E-W)/V: 12.38 = 3.17 Hz. (In the range 0.0 - 50.0 Hz).

100

AlH

01 1 10 100

frequency [Ez]

Figure B-34 Lee’s Hall BH-08 site, Test 4, concrete (a), grass (b)
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a Max. HV at 14.69 = 0.71 Hz. Max (N-S)/V: 13.28 = 0.9 Hz. Max (E-W)/V: 14.63 = 0.31 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. H'V at 15.31 = 0.39 Hz. Max.(N-S)/V: 15.84 = 0.16 Hz. Max.(E-W)/V: 14.81 = 0.32 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Ez]

Figure B-35 Lee’s Hall BH-18 site, Test 1, concrete (a), grass (b)
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a Max. HV at 14.97 = 1.37 Hz. Max (N-S)/V: 15.44 = 1.66 Hz. Max (E-W)/V: 14.69 = 0.82 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10
frequency [Hz]

b Max. H'V at 15.06 = 1.12 Hz. Max.(N-S)/V: 15.63 = 1.14 Hz. Max.(E-W)/V: 14.38 = 0.59 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10

frequency [Ez]

Figure B-36 Lee’s Hall BH-18 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 13.66 = 0.11 Hz. Max (N-S)/V: 15.53 = 1.93 Hz. Max (E-W)/V: 13.84 = 0.14 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. HV at 15.53 = 1.17 Hz. Max (N-S)/'V: 15.84 = 0.89 Hz. Max.(E-W)/V: 13.81 = 0.2 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Ez]

Figure B-37 Lee’s Hall BH-18 site, Test 3, concrete (a), grass (b)

Max. H/V at 14.91 = 5.33 Hz. Max(N-S)/V: 14.97 = 3.13 Hz. Max (E-W)/V: 14.81 £ 7.75 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Hz]

Figure B-38 Lee’s Hall BH-18 site, Test 4, concrete
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Max. H/V at 14.81 = 0.58 Hz. Max (N-S)/V: 14.22 = 0.51 Hz. Max (E-W)/V: 14.91 = 0.46 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10

frequency [Hz]

Figure B-39 Lee’s Hall BH-18 site, Test 5, concrete

Mas, H/V at 14.69 = 0.68 Hz. Max (N-5)/V: 14.69 = 1.3 Hz Max.(E-W)/V: 14.78 £ 0.61 Hz. (In the range 0.0 - 50.0 Hz).

0.1 1 10

frequency [Fz]

Figure B-40 Lee’s Hall BH-18 site, Test 6, concrete
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Max. H/V at 14.94 = 0.23 Hz. Max (N-S)/V: 15.44 = 0.49 Hz. Max (E-W)/V: 14.81 = 0.18 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Hz]

Figure B-41 Lee’s Hall BH-18 site, Test 7, concrete

Mas. H/V at 14.94 0,05 Hz. Max (N-S)/V: 1531 = 0.22 Hz. Max (E-W)/V: 14.81 = 0.06 Hz. (In the range 0.0 - 50.0 Ez).

150

100 m

0.1 1 10 100

frequency [Fz]

Figure B-42 Lee’s Hall BH-18 site, Test 8, concrete
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Max. H/V at 14.88 = 5.3 Hz. Max (N-S)/V: 6.88 = 0.19 Hz. Max (E-W)/V: 8.44 = 2.25 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

Figure B-43 Lee’s Hall Selected site, Test 1, grass

Mas. H/V at 7.19 = 1.84 Hz. Max (N-S)/V: 7.03 = 0.06 Hz. Max (E-W)/V: 14.66 = 022 Ez. (In the range 0.0 - 50.0 Hz).

150

100

0.1

frequency [Hz]

Figure B-44 Lee’s Hall Selected site, Test 2, grass
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Max. HV at 7.06 = 0.06 Hz. Max (N-S)/V: 7.0 = 0.07 Hz. Max (E-W)/V: 14.06 = 5.16 Hz. (In the range 0.0 - 50.0 Hz).

100

01 1 10 100

frequency [Hz]

Figure B-45 Lee’s Hall Selected site, Test 3, grass

Mas, H/V at 14.69 =021 Hz. Max (N-S)/V: 15.94 = 4.50 Hz. Max (E-W)/V: 14.5 £ 0.17 Hz. (In the range 0.0 - 50.0 Hz).

0.1 1 10 100

frequency [Hz]

Figure B-46 Lee’s Hall Selected site, Test 4, grass
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Max. HV at 5.75 = 0.16 Hz. Max (N-S)/V: 6.19 = 1.07 Hz. Max (E-W)/V: 5.75 = 2.01 Hz. (In the range 2.0 - 50.0 Hz).

01

frequency [Hz]

Figure B-47 Lee’s Hall Selected site, Test 5, grass

150

100

Max. H'V at 7.09 = 0.07 Hz. Max.(N-S)/V: 7.09 = 0.11 Hz. Max.(E-W)/V: 7.06 = 0.08 Hz. (In the range 0.0 - 50.0 Hz).

0.1

frequency [Fz]

Figure B-48 MIZ Middle Quad site, Test 1, grass
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150

100

Max. HV at 7.16 = 0.03 Hz. Max (N-S)/V: 7.16 = 0.09 Hz. Max (E-W)/V: 7.16 = 0.06 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

Figure B-49 MIZ Middle Quad site, Test 2, grass

150

100

Max. H'V at 7.06 = 0.06 Hz. Max.(N-S)/V: 7.06 = 0.06 Hz. Max.(E-W)/V: 7.09 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

0.1

frequency [Fz]

Figure B-50 MIZ Middle Quad site, Test 3, grass

197

AlH

AlH



Max. H/V at 7.13 + 0.05 Hz. Max.(N-S)/V: 7.09 + 0.06 Hz. Max.(E-W)/V: 7.13 = 0.08 Hz. (In the range 2.0 - 50.0 Hz).

—— Average H/'V

—— N-S/V
10.0

— E-W/V

frequency [Hz]
Figure B-51 MIZ Middle Quad site, Test 4, grass

Max. H'V at 7.13 = 0.03 Hz. Max.(N-S)/V: 7.13 = 0.06 Hz. Max.(E-W)/V: 7.16 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).

150

100

AlH

0.1

frequency [Hz]

Figure B-52 MIZ Middle Quad site, Test 5, grass

198



Max. H/V at 7.13 = 0.04 Hz. Max (N-S)/V: 7.16 = 0.06 Hz. Max (E-W)/V: 7.13 = 0.05 Ez. (In the range 0.0 - 50.0 Hz)

100

01 1 10 100

frequency [Hz]

Figure B-53 MIZ Middle Quad site, Test 6, grass

Max. H/V at 7.0 = 0.09 Hz. Max.(N-S)/V: 7.03 = 0.12 Hz. Max.(E-W)/V: 6.88 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).

200

150

100

0.1 1 10 100

frequency [Fz]

Figure B-54 MIZ Middle Quad site, Test 7, grass
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100

150

100

a Max. H/V at 6.88 = 1.79 Hz. Max (N-S)/V: 6.88 = 1.09 Hz. Max (E-W)/V: 3.75 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

b Max. H'V at 6.81 = 0.13 Hz. Max.(N-S)/V: 6.81 = 0.85 Hz. Max.(E-W)/V: 3.75 = 0.14 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Ez]

Figure B-55 MIZ Quad Site 1 site, Test 1, concrete (a), grass (b)
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a Max. HV at 6.53 = 1.71 Hz. Max (N-S)/V: 6.75 = 2.04 Hz. Max (E-W)/V: 6.44 = 1.78 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10
frequency [Hz]

b Max. H'V at 6.56 = 3.58 Hz. Max.(N-S)/V: 6.84 = 2.41 Hz. Max.(E-W)/V: 6.47 = 5.34 Hz. (In the range 0.0 - 50.0 Hz).

100

100

,i))\a

01 1 10

frequency [Ez]

Figure B-56 MIZ Quad Site 1 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.98 Hz. Max (N-S)/V: 6.88 = 1.54 Hz. Max (E-W)/V: 3.75 = 0.97 Hz. (In the range 0.0 - 50.0 Hz).

frequency [Hz]

b Max. H'V at 6.81 = 4.3 Hz. Max.(N-S)/V: 6.81 = 5.8 Hz. Max.(E-W)/V: 3.75 = 0.44 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-57 MIZ Quad Site 1 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 6.88 = 1.04 Hz. Max (N-S)/V: 6.88 = 1.05 Hz. Max (E-W)/V: 6.78 = 0.09 Hz. (In the range 0.0 - 50.0 Hz).

100
=
=
50
01 1 10 100
frequency [Hz]
b Max. H/V at 6.8 = 0.14 Hz. Max (N-S)/V: 6.88 = 0.13 Hz. Max (E-W)/V: 6.78 = 0.2 Hz. (In the range 0.0 - 50.0 H).
100
=
50
ol 1 10 100

frequency [Ez]

Figure B-58 MIZ Quad Site 1 site, Test 4, concrete (a), grass (b)
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a Max. H/V at 6.88 = 0.05 Hz. Max (N-S)/V: 7.0 = 0.13 Hz. Max (E-W)/V: 6.69 = 0.12 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-59 MIZ Quad Site 1 site, Test 5, concrete (a), grass (b)
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a Max. HV at 6.84 = 0.99 Hz. Max (N-S)/V: 6.88 = 1.64 Hz. Max (E-W)/V: 6.81 = 1.36 Hz. (In the range 0.0 - 50.0 Hz).

AfH

01 1 10 100
frequency [Hz]

b Max. HV at 6.84 = 0.28 Hz. Max (N-§)/V: 6.88 = 1.0 Hz. Max (E-W)/V: 6.84 = 0.38 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure B-60 MIZ Quad Site 1 site, Test 6, concrete (a), grass (b)
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a Max. H/V at 6.44 = 326 Hz. Max (N-S)/V: 6.16 = 3.23 Hz. Max (E-W)/V: 6.56 = 3.83 Hz. (In the range 0.0 - 50.0 Hz).

01

frequency [Hz]

AlH

frequency [Ez]

Figure B-61 MIZ Quad Site 2 site, Test 1, concrete (a), grass (b)
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a Max. HV at 6.47 = 0.26 Hz. Max (N-S)/V: 6.19 = 0.18 Hz. Max (E-W)/V: 6.72 = 0.27 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H'V at 6.44 = 0.09 Hz. Max.(N-S)/V: 6.25 = 0.1 Hz. Max.(E-W)/V: 6.56 = 0.11 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01

frequency [Ez]

Figure B-62 MIZ Quad Site 2 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 8.28 = 0.12 Hz. Max (N-S)/V: 8.25 = 0.26 Hz. Max (E-W)/V: 8.38 = 0.2 Hz. (In the range 1.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H/V at 8.41=0.11 Hz. Max (N-S)/V: 8.44 = 0.05 Hz. Max(E-W)/V: 8.28 = 0.16 Hz. (In the range 2.0 - 50.0 Hz).

01 1 10

frequency [Ez]

Figure B-63 MIZ Quad Site 3 site, Test 1, concrete (a), grass (b)
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a Max. HV at 8.13 = 0.11 Hz. Max (N-S)/V: 8.22 = 0.26 Hz. Max (E-W)/V: 8.13 = 0.21 Hz. (In the range 1.0 - 50.0 Hz).

01
frequency [Hz]

b Max. H/V at 8.41 = 1.3 Hz Max (N-S)/V: 8.4 = 1.31 Hz. Max (E-W)/V: 8.38 = 2.19 Hz. (In the range 2.0 - 50.0 H).

AlH

01 1 10 100

frequency [Ez]

Figure B-64 MIZ Quad Site 3 site, Test 2, concrete (a), grass (b)
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a Max. HV at 8.31 = 0.04 Hz. Max (N-S)/V: 0.25 = 6.67 Hz. Max (E-W)/V: 8.25 = 0.32 Hz. (In the range 0.0 - 50.0 Hz).

0.1

frequency [Hz]

Max. H/V at 8.28 = 0.04 Hz. Max (N-S)/V: 831 = 0.06 Hz. Max(E-W)/V: 8.25 = 0.18 Hz. (In the range 2.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure B-65 MIZ Quad Site 3 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 8.13 = 0.33 Hz. Max (N-S)/V: 8.0 = 1.57 Hz. Max (E-W)/V: 8.38 = 0.27 Hz. (In the range 1.0 - 50.0 Hz).

01
frequency [Hz]

b Max. HV at 8.41=0.16 Hz. Max (N-S)/V: 834 = 0.2 Hz. Max (E-W)/V: 8.41 = 1.3 Hz. (In the range 2.0 - 50.0 Ha).

AlH

01

frequency [Ez]

Figure B-66 MIZ Quad Site 3 site, Test 4, concrete (a), grass (b)
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a Max. HV at 8.41 = 0.06 Hz. Max (N-S)/V: 8.38 = 0.19 Hz. Max (E-W)/V: 8.41 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

01
frequency [Hz]

b Max. HV at 8.41= 7.16 Hz. Max (N-S)/V: 838 = 3.77 Hz. Max(E-W)/V: 1.13 = 0.09 Hz. (In the range 1.0 50.0 Hz).

AlH

01

frequency [Ez]

Figure B-67 MIZ Quad Site 3 site, Test 5, concrete (a), grass (b)
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a Max. H/V at 8.72 = 0.1 Hz. Max (N-S)/V: 8.06 = 0.51 Hz. Max (E-W)/V: 8.72 = 0.06 Hz. (In the range 0.0 - 50.0 Hz).

(oI

01 1

frequency [Hz]

b Max. H'V at 9.06 = 4.44 Hz. Max (N-S)/V: 9.38 = 3.97 Hz. Max.(E-W)/V: 8.72 = 4.61 Hz. (In the range 0.0 - 50.0 Hz).

100

01

frequency [Ez]

Figure B-68 MIZ Quad Site 3 site, Test 6, concrete (a), grass (b)
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a Max. H/V at 5.16 = 2.41 Hz. Max (N-S)/V: 7.06 = 2.76 Hz. Max (E-W)/V: 5.0 = 2.41 Hz. (In the range 0.0 - 50.0 Hz).

100

01
frequency [Hz]

b Max. H/V at 7.0 = 3.22 Hz. Max (N-S)/V: 7.19 = 3.38 Hz. Max (E-W)/V: 1.03 = 0.24 Hz. (In the range 0.0 - 50.0 H).

AlH

01

frequency [Ez]

Figure B-69 MIZ Quad Site 4 site, Test 1, concrete (a), grass (b)
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a Max. HV at 5.19 = 1.07 Hz. Max (N-S)/V: 7.19 = 1.8 Hz. Max (E-W)/V: 5.0 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).

100

01 1 10 100
frequency [Hz]

b Max. HV at 7.19 = 0.55 Hz. Max (N-S)/V: 7.19 = 0.13 Hz. Max.(E-W)/V: 4.97 = 0.69 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01

frequency [Ez]

Figure B-70 MIZ Quad Site 4 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 5.28 = 0.03 Hz. Max (N-S)/V: 7.19 = 0.97 Hz. Max (E-W)/V: 5.22 = 0.05 Hz. (In the range 0.0 - 50.0 Hz).

100

0.1

frequency [Hz]

AlH

01 1 10 100

frequency [Ez]

Figure B-71 MIZ Quad Site 4 site, Test 3, concrete (a), grass (b)
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a Max. H/V at 7.13 = 1.55 Hz. Max (N-S)/V: 7.19 = 2.89 Hz. Max (E-W)/V: 7.0 = 1.89 Hz. (In the range 1.0 - 50.0 Hz).
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1
o1 1 10 100
frequency [Ez]
b Max. H/V at 7.0 0.1 Hz. Max (N-S)/V: 7.19.% 0.1 Hz. Max (E-W)/V: 5.0 % 0.04 Hz. (In the range 0.0 - 50.0 Hz).
8

01 1 10

frequency [Ez]

Figure B-72 MIZ Quad Site 4 site, Test 4, concrete (a), grass (b)
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a Max. HV at 7.16 = 0.02 Hz. Max (N-S)/V: 7.19 = 0.06 Hz. Max (E-W)/V: 7.13 = 0.06 Hz. (In the range 0.0 - 50.0 Hz).

300

250

200

150

AfH

100

01 1 10
frequency [Hz]

b Max. H'V at 7.31 = 0.06 Hz. Max.(N-S)/V: 7.38 = 0.08 Hz. Max.(E-W)/V: 7.19 = 0.07 Hz. (In the range 0.0 - 50.0 Hz).

250

150

AlH

100

01

frequency [Ez]

Figure B-73 MIZ Quad Site 4 site, Test 5, concrete (a), grass (b)
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a Max. H/V at 7.38 = 0.05 Hz. Max (N-S)/V: 7.19 = 0.13 Hz. Max (E-W)/V: 7.44 = 0.72 Hz. (In the range 0.0 - 50.0 Hz).

(!‘(;(i 5

»;:;ﬁ,, .

(
1

01 1 10 100
frequency [Hz]

b Max. H'V at 7.25 = 0.1 Hz. Max.(N-S)/V: 7.19 = 0.1 Hz. Max.(E-W)/V: 7.31 = 0.08 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100

frequency [Ez]

Figure B-74 MIZ Quad Site 4 site, Test 6, concrete (a), grass (b)
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a Max. H/V at 8.69 = 0.09 Hz. Max (N-S)/V: 8.44 = 4.76 Hz. Max (E-W)/V: 8.88 = 0.22 Hz. (In the range 0.0 - 50.0 Hz).

frequency [Hz]

100

frequency [Ez]

Figure B-75 MIZ Quad Site 5 site, Test 1, concrete (a), grass (b)
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a Max. H/V at 8.69 = 3.06 Hz. Max (N-S)/V: 8.41 = 2.09 Hz. Max (E-W)/V: 8.88 = 4.17 Hz. (In the range 0.0 - 50.0 Hz).

100
50
01
frequency [Hz]
b Max. H/V at 8.63 = 2.48 Hz. Max (N-S)/V: 8.4 = 2.1 Hz. Max (E-W)/V: 8.75 = 2.95 Hz. (In the range 0.0 - 50.0 H).
150
100
=
50
ol

frequency [Ez]

Figure B-76 MIZ Quad Site 5 site, Test 2, concrete (a), grass (b)
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a Max. H/V at 7.41 = 0.96 Hz. Max (N-S)/V: 7.44 = 0.4 Hz. Max (E-W)/V: 8.88 = 0.19 Hz. (In the range 0.0 - 50.0 Hz).

01 1 10 100
frequency [Hz]

b Max. H/V at 8.75 = 0.32 Hz. Max (N-S)/V: 7.5 = 0.71 Hz. Max (E-W)/V: 8.75 = 0.17 Hz. (In the range 0.0 - 50.0 Hz).

AlH

01 1 10 100

frequency [Ez]

Figure B-77 MIZ Quad Site 5 site, Test 3, concrete (a), grass (b)
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APPENDIX C

Importing Time record [Amp Spec]
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\ Up-Down component
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10-1
N-S component
———  E-W component
————  Up-Down component
02 \
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10+ _/\_/
i
103
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1075 1 10 100
frequency [Hz]

Figure C-1 Animal Hospital 1 site, Test 1, concrete (a), grass (b)

223

squur



10+

108

01 1 10 100

frequency [Hz]
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frequency [Hz]

Figure C-2 Animal Hospital 1 site, Test 2, concrete (a), grass (b)
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frequency [Hz]

Figure C-3 Animal Hospital 1 site, Test 3, concrete (a), grass (b)
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frequency [Hz]

Figure C-4 Animal Hospital 1 site, Test 4, concrete (a), grass (b)
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Figure C-5 Animal Hospital 2 site, Test 1, concrete (a), grass (b)
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Figure C-6 Animal Hospital 2 site, Test 2, concrete (a), grass (b)
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Figure C-7 Animal Hospital 2 site, Test 3, concrete (a), grass (b)
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Figure C-8 Ellis Library BH-01 site, Test 1, grass
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Figure C-9 Ellis Library BH-01 site, Test 2, grass
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Figure C-10 Ellis Library BH-01 site, Test 3, grass
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Figure C-11 Ellis Library BH-01 site, Test 4, grass
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Figure C-12 Ellis Library BH-01 site, Test 5, grass
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Figure C-13 Ellis Library BH-01 site, Test 6, grass
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Figure C-14 Ellis Library BH-03 A site, Test 1, concrete (a), grass (b)
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Figure C-15 Ellis Library BH-03 A site, Test 2, concrete (a), grass (b)
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Figure C-16 Ellis Library BH-03 A site, Test 3, grass
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Figure C-17 Ellis Library BH-03 A site, Test 4, grass
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Figure C-18 Ellis Library BH-03 A site, Test 5, concrete (a), grass (b)
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Figure C-19 Ellis Library BH-03 A site, Test 6, concrete (a), grass (b)
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Figure C-20 Ellis Library BH-03 B site, Test 1, grass
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Figure C-21 Ellis Library BH-03 B site, Test 2, grass
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Figure C-22 Ellis Library BH-03 B site, Test 3, grass
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Figure C-23 Journalism B-06 A site, Test 1, concrete (a), grass (b)
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Figure C-24 Journalism B-06 A site, Test 2, concrete (a), grass (b)
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Figure C-25 Journalism B-06 A site, Test 3, concrete (a), grass (b)
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Figure C-26 Journalism B-06 A site, Test 4, concrete (a), grass (b)
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Figure C-27 Journalism B-06 A site, Test 5, concrete (a), grass (b)
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Figure C-28 Journalism B-06 A site, Test 6, concrete (a), grass (b)
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Figure C-29 Journalism B-06 B site, Test 1, concrete (a), grass (b)
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Figure C-30 Journalism B-06 B site, Test 2, concrete (a), grass (b)
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Figure C-31 Lee’s Hall BH-08 site, Test 1, concrete (a), grass (b)

245

100

s

squun



component
Up-Down compo:

ent

01 1 10

frequency [Hz]

100

"_\._/

106

frequency [Hz]

Figure C-32 Lee’s Hall BH-08 site, Test 2, concrete (a), grass (b)
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Figure C-33 Lee’s Hall BH-08 site, Test 3, concrete (a), grass (b)
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Figure C-34 Lee’s Hall BH-08 site, Test 4, concrete (a), grass (b)
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Figure C-35 Lee’s Hall BH-18 site, Test 1, concrete (a), grass (b)
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Figure C-36 Lee’s Hall BH-18 site, Test 2, concrete (a), grass (b)
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Figure C-37 Lee’s Hall BH-18 site, Test 3, concrete (a), grass (b)
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Figure C-39 Lee’s Hall BH-18 site, Test 5, concrete
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Figure C-40 Lee’s Hall BH-18 site, Test 6, concrete
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Figure C-41 Lee’s Hall BH-18 site, Test 7, concrete (a)

106

0.1

1 10 100

frequency [Hz]

Figure C-42 Lee’s Hall BH-18 site, Test 8, concrete
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Figure C-43 Lee’s Hall Selected site, Test 1, grass
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Figure C-44 Lee’s Hall Selected site, Test 2, grass
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Figure C-45 Lee’s Hall Selected site, Test 3, grass
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Figure C-46 Lee’s Hall Selected site, Test 4, grass
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Figure C-47 Lee’s Hall Selected site, Test 5, grass
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Figure C-48 MIZ Middle Quad site, Test 1, grass
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Figure C-49 MIZ Middle Quad site, Test 2, grass
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Figure C-50 MIZ Middle Quad site, Test 3, grass
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Figure C-51 MIZ Middle Quad site, Test 4, grass
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Figure C-52 MIZ Middle Quad site, Test 5, grass
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Figure C-53 MIZ Middle Quad site, Test 6, grass
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Figure C-54 MIZ Middle Quad site, Test 7, grass
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Figure C-55 MIZ Quad Site 1 site, Test 1, concrete (a), grass (b)

260

100

s

squun



W/

01 1 10 100

frequency [Hz]

106

01 1 10 100

frequency [Hz]

Figure C-56 MIZ Quad Site 1 site, Test 2, concrete (a), grass (b)
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Figure C-57 MIZ Quad Site 1 site, Test 3, concrete (a), grass (b)
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Figure C-58 MIZ Quad Site 1 site, Test 4, concrete (a), grass (b)

263

100

s

squun



10+

component
Up-Down component

01 1 10

frequency [Hz]

100

106

01 1 10

frequency [Hz]

Figure C-59 MIZ Quad Site 1 site, Test 5, concrete (a), grass (b)
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Figure C-60 MIZ Quad Site 1 site, Test 6, concrete (a), grass (b)
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Figure C-61 MIZ Quad Site 2 site, Test 1, concrete (a), grass (b)
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Figure C-62 MIZ Quad Site 2 site, Test 2, concrete (a), grass (b)
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Figure C-63 MIZ Quad Site 3 site, Test 1, concrete (a), grass (b)
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Figure C-64 MIZ Quad Site 3 site, Test 2, concrete (a), grass (b)
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Figure C-65 MIZ Quad Site 3 site, Test 3, concrete (a), grass (b)
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Figure C-66 MIZ Quad Site 3 site, Test 4, concrete (a), grass (b)

271



102
S component
E-W component
———  Up-Down componeat
103
104
10°5
10
-7
10 01 1 10 100
frequency [Hz]
102
NS component
——— E-W component
Up-Down component
103 \
104 /;\\_/\/\/\
\W 7
10°5
106
-7
10707 1 10 100

frequency [Hz]

Figure C-67 MIZ Quad Site 3 site, Test 5, concrete (a), grass (b)
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Figure C-68 MIZ Quad Site 3 site, Test 6, concrete (a), grass (b)
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Figure C-69 MIZ Quad Site 4 site, Test 1, concrete (a), grass (b)
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Figure C-70 MIZ Quad Site 4 site, Test 2, concrete (a), grass (b)
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Figure C-71 MIZ Quad Site 4 site, Test 3, concrete (a), grass (b)
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Figure C-72 MIZ Quad Site 4 site, Test 4, concrete (a), grass (b)
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Figure C-73 MIZ Quad Site 4 site, Test 5, concrete (a), grass (b)
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Figure C-74 MIZ Quad Site 4 site, Test 6, concrete (a), grass (b)
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Figure C-75 MIZ Quad Site 5 site, Test 1, concrete (a), grass (b)

280

100

s

squun



108

01 1 10

frequency [Hz]

100

106

01 1 10

frequency [Hz]

Figure C-76 MIZ Quad Site 5 site, Test 2, concrete (a), grass (b)
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Figure C-77 MIZ Quad Site 5 site, Test 3, concrete (a), grass (b)
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APPENDIX D
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Figure D-1 Animal Hospital 1 site, Test 1, concrete (a), grass (b)
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Figure D-2 Animal Hospital 1 site, Test 2, concrete (a), grass (b)
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Figure D-3 Animal Hospital 1 site, Test 3, concrete (a), grass (b)
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Figure D-4 Animal Hospital 1 site, Test 4, concrete (a), grass (b)
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Figure D-5 Animal Hospital 2 site, Test 1, concrete (a), grass (b)
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Figure D-6 Animal Hospital 2 site, Test 2, concrete (a), grass (b)
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Figure D-7 Animal Hospital 2 site, Test 3, concrete (a), grass (b)

Figure D-8 Ellis Library BH-01 site, Test 1, grass
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Figure D-9 Ellis Library BH-01 site, Test 2, grass
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Figure D-10 Ellis Library BH-01 site, Test 3, grass
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Figure D-11 Ellis Library BH-01 site, Test 4, grass
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Figure D-12 Ellis Library BH-01 site, Test 5, grass
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Figure D-14 Ellis Library BH-03 A site, Test 1, concrete (a), grass (b)
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Figure D-16 Ellis Library BH-03 A site, Test 3, grass
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Figure D-18 Ellis Library BH-03 A site, Test 5, concrete (a), grass (b)
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Figure D-20 Ellis Library BH-03 B site, Test 1, grass
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Figure D-22 Ellis Library BH-03 B site, Test 3, grass
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Figure D-23 Journalism B-06 A site, Test 1, concrete (a), grass (b)
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Figure D-24 Journalism B-06 A site, Test 2, concrete (a), grass (b)
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Figure D-25 Journalism B-06 A site, Test 3, concrete (a), grass (b)
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Figure D-26 Journalism B-06 A site, Test 4, concrete (a), grass (b)
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Figure D-27 Journalism B-06 A site, Test 5, concrete (a), grass (b)
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Figure D-28 Journalism B-06 A site, Test 6, concrete (a), grass (b)

302



Figure D-29 Journalism B-06 B site, Test 1, concrete (a), grass (b)

303



min

Figure D-30 Journalism B-06 B site, Test 2, concrete (a), grass (b)
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Figure D-31 Lee’s Hall BH-08 site, Test 1, concrete (a), grass (b)
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Figure D-32 Lee’s Hall BH-08 site, Test 2, concrete (a), grass (b)
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Figure D-33 Lee’s Hall BH-08 site, Test 3, concrete (a), grass (b)
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Figure D-34 Lee’s Hall BH-08 site, Test 4, concrete (a), grass (b)
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Figure D-35 Lee’s Hall BH-18 site, Test 1, concrete (a), grass (b)
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Figure D-36 Lee’s Hall BH-18 site, Test 2, concrete (a), grass (b)
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Figure D-38 Lee’s Hall BH-18 site, Test 4, concrete
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Figure D-40 Lee’s Hall BH-18 site, Test 6, concrete
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Figure D-42 Lee’s Hall BH-18 site, Test 8, concrete
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Figure D-44 Lee’s Hall Selected site, Test 2, grass
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Figure D-46 Lee’s Hall Selected site, Test 4, grass
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Figure D-48 MIZ Middle Quad site, Test 1, grass
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Figure D-50 MIZ Middle Quad site, Test 3, grass
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Figure D-52 MIZ Middle Quad site, Test 5, grass
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Figure D-54 MIZ Middle Quad site, Test 7, grass
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Figure D-55 MIZ Quad Site 1 site, Test 1, concrete (a), grass (b)
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Figure D-56 MIZ Quad Site 1 site, Test 2, concrete (a), grass (b)
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Figure D-57 MIZ Quad Site 1 site, Test 3, concrete (a), grass (b)
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Figure D-58 MIZ Quad Site 1 site, Test 4, concrete (a), grass (b)
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Figure D-59 MIZ Quad Site 1 site, Test 5, concrete (a), grass (b)
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Figure D-60 MIZ Quad Site 1 site, Test 6, concrete (a), grass (b)
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Figure D-61 MIZ Quad Site 2 site, Test 1, concrete (a), grass (b)
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Figure D-62 MIZ Quad Site 2 site, Test 2, concrete (a), grass (b)
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Figure D-63 MIZ Quad Site 3 site, Test 1, concrete (a), grass (b)
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Figure D-64 MIZ Quad Site 3 site, Test 2, concrete (a), grass (b)
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Figure D-65 MIZ Quad Site 3 site, Test 3, concrete (a), grass (b)
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Figure D-66 MIZ Quad Site 3 site, Test 4, concrete (a), grass (b)
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Figure D-67 MIZ Quad Site 3 site, Test 5, concrete (a), grass (b)
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Figure D-68 MIZ Quad Site 3 site, Test 6, concrete (a), grass (b)
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Figure D-69 MIZ Quad Site 4 site, Test 1, concrete (a), grass (b)
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Figure D-70 MIZ Quad Site 4 site, Test 2, concrete (a), grass (b)
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Figure D-71 MIZ Quad Site 4 site, Test 3, concrete (a), grass (b)
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Figure D-72 MIZ Quad Site 4 site, Test 4, concrete (a), grass (b)
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Figure D-73 MIZ Quad Site 4 site, Test 5, concrete (a), grass (b)
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Figure D-74 MIZ Quad Site 4 site, Test 6, concrete (a), grass (b)

339



Figure D-75 MIZ Quad Site 5 site, Test 1, concrete (a), grass (b)
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Figure D-76 MIZ Quad Site 5 site, Test 2, concrete (a), grass (b)
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Figure D-77 MIZ Quad Site 5 site, Test 3, concrete (a), grass (b)
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Figure E-2 a & b: Animal Hospital 1 Acquisition Images
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Figure E-4: Aerial Image of Ellis Library BH-01, Ellis Library BH-03 A and Ellis Library BH-03 B
Locations
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Figure E-6: (a) Ellis Library BH-03 A (b) Ellis Library BH-03 B Acquisition Images
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Figure E-8 a & b: Journalism B-06 A Acquisition Images
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Figure E-12 a & b: Lee's Hall BH-18 Acquisition Images
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Figure E-14: Aerial Image of MIZ Quad Site 1, MIZ Quad Site 2, MIZ Quad Site 3, MIZ Quad Site 4, MIZ
Quad Site 5 Locations
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Figure E-16 a & b: MIZ Quad Site 2 Acquisition Images
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Figure E-18 a & b: MIZ Quad Site 4 Acquisition Images
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Figure E-20: Aerial Location of MIZ MiddleQuad and Construction Location
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Figure E-21 a, b & c: MIZ MiddleQuad Acquisition Images
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APPENDIX F

Table F-1: Site and Field Observations Notes

Research Observation Notes

Heavy = almost constant of the time record or > 20 instances
Moderate = content over a short duration of time record or > 3, < 20 instances
Low = Very short duration of time record, < 3 instances

MIZ Quad Site 1 (1) 09/09/24

MIZ Quad Site 2 (1) 09/09/24

MIZ Quad Site 3 (1) 09/09/24

MIZ Quad Site 4 (1) 09/10/24

MIZ Quad Site 1 (2) 09/09/24
MIZ Quad Site 3 (2) 09/10/24
Journalism B-06 A(1) 09/10/24
Journalism B-06 A (2) 09/11/24
MIZ Quad Site 3(3) 09/11/24
MIZ Quad Site 1 (3) 09/11/24
Journalism B-06 A (3) 09/11/24
MIZ Quad Site 4 (2) 09/11/24

MIZ Quad Site 2 (2) 09/11/24
Journalism B-06 A (4) 09/11/24

MIZ MiddleQuad (1) 09/30/24

MIZ MiddleQuad (2) 09/30/24

Heavy foot traffic. 1 skateboarder. 3 bikes.
3 cars. 2 scooters. 72 F. Sunny. Little
wind. 11:50 am.

Moderate foot traffic. 1 skateboarder. 80 F.
Sunny. Little to no wind. 4:51 pm
Moderate foot traffic. Some walked close
to instrument. 80 F. Sunny. Little wind.
4:28 pm

Moderate foot traffic. Construction noise.
Watering grass. 81 F. Sunny. Little wind.
1:50 pm

Low foot traffic. 80 F. Sunny. Little to no
wind. 5:19 pm

Low foot traffic. 83 F. Sunny. Light wind.
2:36 pm

Low foot traffic. Sunny 84 F. Little to no
wind. 3:19pm

Low traffic. Talking near. 9:17 am. Sunny.
69 F. Little mind

Moderate foot traffic. Sunny. 79 F. 11:01
am.

Low foot traffic. Sunny 79 F. Light wind.
11:22 am. 2 cars

Moderate to heavy foot traffic. Sunny. 82
F. Little wind. 11:42

Low foot traffic. No construction. 80 F. No
wind. 7:16 pm

Low foot traffic. 77 F. 7:46 pm

Low foot traffic. Dog running 76 F. 8:08
pm

Orange Tromino, 11:54 am construction
noise. 2 people walk by at beginning. 76 F
partition 17

Orange Tromino, Partition 18 12:12 pm
77F people walking by at 36 secs. Big
boom at 9 minutes 30 sec
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MIZ MiddleQuad (3) 09/30/24

MIZ Quad Site 4 (3) 09/30/24

MIZ Quad Site 4 (4) 09/30/42

MIZ MiddleQuad(4) 09/30/24

MIZ MiddleQuad (5) 09/30/24
MIZ MiddleQuad (6) 09/30/24

Ellis Library BH-03 A (1) 10/01/24

Ellis Library BH-03 A (2) 10/01/24
Ellis Library BH-03 A (3) 10/01/24

Ellis Library BH-03 A (4) 10/01/24

Ellis Library BH-01 (1) 10/01/24
Ellis Library BH-01 (2) 10/01/24
Ellis Library BH-01 (3) 10/01/24
Ellis Library BH-01 (4)

MIZ Quad Site 4 (5) 10/01/24

MIZ MiddleQuad (7) 10/01/24

MIZ Quad Site 5 (1) 10/01/24

MIZ Quad Site 5 (2) 10/01/24

Orange Tromino, Partition 19 12:30 pm
78F most equipment shut off less noise. 2
trucks showed up at 3 minutes. More
equipment turned on at 12 minutes

1:15 pm. Both Construction noise over
the duration of record

7:15 pm. Both. No construction noise
present moderate foot traffic throughout
record

7:36 partition 22 quiet no traffic. 75 F. 9
minute 5 seconds someone walks by

7:53 partition 23. Quiet no traffic 74 F.
8:09 Partition 24. Quiet. Person and dog at
4 minutes 5 secs

4:35 am. Partition 7. Orange grass. Pink.
Concrete. 64 F quiet

4:59 am. Partition 25. 64F

Partition 26 orange 5:16 am. Cars become
present at 4 minutes 5 seconds. 64F trash
getting thrown out and door opening and
closing around 12 minutes

Partition 27 orange partition 26 pink(think
failed). 5:39 am. Some cars. Garage truck
at 6 minutes 52 seconds. Loud noise and
raving up at 9 minutes 9 sec until 9
minutes 33 sec. 9 min 51 sec boom. 10
minute 11 sec raving and boom until 10
min 32 sec. Leaving at 11 min 20 sec

6:01 am partition 28 quiet

6:22 am partition 29 quiet breeze

6:40 am partition 30 quiet breeze

7:00 am partition 31 quiet

9:45 am heavy foot traffic construction
noise 62F

10:10 am breeze. 62F 4 minutes big drop
from something chock the ground
partition 33

Partition 34 both. 10:31 am. 62 F.
Construction noise present in distance.
Person walk by at 3 minutes and 4 minutes
dog right by it at 8 minutes

Partition 35 both. 10:58 am. Construction
noise present in distance. Moderate Foot
traffic. No foot traffic fro 7 minutes to 10
minutes

355



MIZ Quad Site 5 (3) 10/01/24

Animal Hospital 1 (1) 10/02/24

Animal Hospital 1 (2) 10/02/24

Animal Hospital 2 (1) 10/02/24
Animal Hospital 2 (2) 10/02/24
Lee’s Hall Selected (1) 10/02/24

Lee’s Hall Selected (2) 10/02/24
Lee’s Hall BH-08(1) 10/02/24

Lee’s Hall BH-08 (2) 10/02/24
Lee’s Hall BH-18 (1) 10/02/24
Lee’s Hall BH-18 (2) 10/02/24
Lee’s Hall BH-18 (3) 10/02/24
Animal Hospital 2 (3) 10/02/24
Animal Hospital 1 (3) 10/02/24
Journalism B-06 A (5) 10/17/24
Journalism B-06 A (6) 10/17/24
Ellis Library BH-03 A (5) 10/17/24
Ellis Library BH-03 A (6) 10/17/24

Ellis Library BH-03 B (1) 10/17/24

Partition 36 both. 5:32. No construction
noise in distance. Person walked by 6
minute 22 sec and runners at 4 minute 70F
8 minutes. 9 minutes 2 seconds to 20 sec 9
min 52 sec

Partition 37 both. 8:37 am. 48 F
constitution noise. Cutting. Generators

throughout time
Partition 38 both. 8:54 am 48 F.
Construction noise. Generators
throughout time

Partition 39 both. 9:19 am 3 car and 1
minute to 3 minutes. Heavy car traffic
Partition 40 both. 9:38 am heavy truck at
3 minutes 35 sec. Heavy car traffic
Partition 41 orange grass 10:20 am
building occupied

Partition 41 pink partition. 10:39 am
Partition 42 both. 5:19 pm 73 F. Traffic
south and west on position

Partition 43 both. 5:37 pm. Traffic to the
west and south

Partition 44 both. 5:59 pm. Traffic west
and south

Partition 45 both. 6:17 pm traffic west and
south

Partition 46 both 6:34 pm

Partition 48 both7:47 pm. 63 F. No
construction noise less car traffic 13
minutes foot traffic

Partition 50 both. 9:00 pm 5 minutes
heavy equipment started running.
Generators at 7 minutes

Partition 19 both. Orange grass. Pink
concrete. 6:11 am. 35 F. Springers running
on quad

Partition 20 both. 6:35 am. 35 F quiet
Partition 21 both. 5:02 pm 67 F car traffic
and foot traffic

Partition 22 both 5:32 pm 67 F car and foot
traffic

Partition 23 orange 5:44 pm 65 F car and
foot traffic
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Ellis Library BH-01 (5) 10/17/24

Ellis Library BH-03 B (2) 10/17/24

Ellis Library BH-01 (6) 10/17/24

Ellis library BH-03 B (3) 10/17/24

Lee’s Hall BH-08 (3) 10/18/24

Lee’s Hall BH-08 (4) 10/18/24

Lee’s Hall BH-18 (4) 10/18/24
Lee’s Hall Selected (3) 10/18/24
Lee’s Hall BH-18 (5) 10/18/24
Lee’s Hall Selected (4) 10/18/24
Lee’s Hall BH-18 (6) 10/18/24
Lee’s Hall BH-18 (7) 10/18/24
Lee’s Hall Selected (5) 10/18/24

Lee’s Hall BH-18 (8) 10/18/24
MIZ Quad Site 3 (4) 10/21/24

MIZ Quad Site 3 (5) 10/21/24

MIZ Quad Site 1 (4) 10/21/24
MIZ Quad Site 1 (5) 10/21/24
Animal Hospital 1 (4) 10/23/24
MIZ Quad Site 3 (6) 10/23/24

MIZ Quad Site 1 (6) 10/23/24

MIZ Quad Site 4 (6) 10/23/24

Partition 23 pink 5:58 pm. 65 F foot traffic
light 12 paces from building. 13 paces
from stump

Partition 24 orange 6:01 pm. Car and foot
traffic 65 F

Partition 24 pink. 6:34 pm. Foot traffic 64
F

Partition 25 orange 6:17 pm. 65 F
Partition 26 both. 6:20 am 41 F car traffic
in first 2 minutes. Car at 12 min 50 sec.
Bike at 15 minute 28 sec

Partition 27 both 6:37 am car traffic in
throughout collection. Close car at 12 min
25 sec

Partition 28 pink. 6:59 am. 41 F. Large E-
W noise at 1-2 min

Partition 28 orange 7:00 am. 41 F
unoccupied

Partition 29 pink. 7:17 am 41 F. Truck at 6
min. Failed. Women picked up devices
Partition 29 orange 7:35 am 41 F
unoccupied

Partition 30 pink. 7:35 am 41 F

Partition 31 pink 7:51 am 41 F

Partition 30 orange 7:54 am 41 F.
Occupied

Partition 32 pink 8:09 am 42 F

Partition 33 both 7:48 am 49 F foot traffic
first 2 minutes

Partition 34 both 8:05 am 49 am. 2 min 27
sec person walking by. Bike and person
with wheel barrel at 4 min 25 sec. Vehicle
at 6 min 50 sec.

Partition 35 both. 8:25 am 50 F

Partition 36 both. 8:35 am 50 F. foot traffic
Partition 37 both 4:09 am. 54F. Quiet
Partition 38 both 4:39 am. 55 F. Quad
sprinklers going off on the other side of
quad

Partition 39 both. 5:01 am 54 F quad
sprinklers at a distance

Partition 40 both. 6:02 am 54 F. At 6 min
57 sec large noise far away. Sounded like
interstate. Runner at 9 minute 9 sec.
Equipment star up at 10 min 35 sec
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Journalism B-06 B (1) approximately 27 | Partition 41 both. 6:36 am 53 F. Sprinklers
feet 10/23/24 on quad. Truck on road at 2 minutes.
Pedestrian wants on quad sidewalk at 6
minutes. Sprinklers stop at 8 minutes.

Bike at
Journalism B-06 B (2) approximately 27 | Partition 42 both. 6:53 am. 53 F. Garage
feet 10/23/24 truck on road at 5 min 30 sec. Collecting

garbage at 10 min 16 sec
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